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Orangutans  (genus:  Pongo)  are  the  only  Asian  great  apes  and  currently  endemic  to  the 
Sundaland  islands  of  Borneo  (P.  pygmaeus)  and  Sumatra  (P.  abelii).  The  Southeast  Asian 
Sunda archipelago  is a  tropical hotspot of biodiversity with unusually high  level of  species 
endemism, making  it to one of the most exciting global regions  in which to  investigate how 
environmental processes  lead to  local adaptation and species diversification. The region has 
been drastically affected by geological and environmental processes  such as  tectonic plate 
movements, Quaternary  climatic oscillations,  fluctuating  sea  levels, and volcanic eruptions. 
The  Sunda  Shelf was  for  instance  cyclically exposed during glacial periods when  sea  levels 
were lower, which repeatedly reconnected the islands. 
Orangutans show remarkable, well‐documented geographic variation in various traits related 
to  morphology,  physiology,  life  history,  behavioral  ecology,  and  social  organization, 
suggesting  high  levels  of  local  adaptions.  A  considerable  part  of  this  variation  is  almost 
certainly  linked  to environmental differences  throughout  the genus’ range. The variation  in 
phenotypic  traits  offers  a  great  opportunity  to  investigate  the  interaction  between 
environmental  forces  and  genetic  variation  both  between  and  within  species.  In  this 




suitable  population  genomic  data.  The mammalian  Y  chromosome  is  critical  for  studying 
male‐specific  evolutionary  histories.  Yet,  due  its  complex  architecture,  Y‐linked  data  have 
remained elusive for most mammals and  large‐scale data are available mainly for humans.  I 
first reviewed the current and emerging methodological strategies applied to developing Y‐




great ape. My  results demonstrate  the great  importance and power of genomic Y‐specific 
data for the comprehensive understanding of a species' evolutionary history. Furthermore, I 





In  the  second and main part of  this dissertation,  I  investigated  the evolutionary history of 
orangutans  based  on  a  unique  dataset  of  autosomal  and  sex‐specific whole‐genome  data 
covering  the  genus'  entire  current  geographic  range.  I  found  that  orangutan  evolutionary 
history  is a tale of two  islands and two sexes, shaped by the highly dynamic environmental 
conditions on the Sunda archipelago, and the pronounced sex‐biased dispersal in this genus. 
The  speciation  of  Bornean  and  Sumatran  orangutans was  a  gradual  process  over  several 
hundreds of thousands of years, starting in the early Pleistocene, and was heavily influenced 
by  recurrent  climate  changes  and  high  levels  of  male‐biased  dispersal  and  strict  female 
philopatry.  I  estimated  cessation  of  gene  flow  between  species  to  be  considerably  earlier 
than proposed previously (~0.43 Ma). 
My findings further revealed that the two orangutan species were affected differently by the 
Pleistocene  climate oscillations. Climatic and  thus  rainforest  cover oscillations had a major 
impact on Bornean orangutans, causing repeated bottlenecks (including a common rainforest 
refugium  in the  late Pleistocene) and a  long‐term population decline.  In contrast, Sumatran 
orangutans were much less affected by climate changes and experienced a remarkably stable 
population history and structure throughout the Pleistocene. Only recently, they also faced a 
drastic  population  decline,  most  likely  caused  by  the  Toba  supereruption  ~73  ka  and 







and  climate oscillations.  For  instance,  I  found  signals of potential  adaptation pertaining  to 
energy  storage  (i.e.  adipose  tissue) metabolism.  This  is  in  line with  the  observed  greater 
ability  of  Bornean  orangutans  to  deposit  large  fat  storages  compared  to  Sumatran 
orangutans,  which  is  assumed  to  allow  for  physiological  buffering  against  starvation. 
Furthermore,  I  identified  several  candidate  genes  and  biological  processes  related  to 
neurogenesis, which  is  consistent with  the  smaller brain  size of  the northeastern Bornean 
orangutans  and may  again  represent  an  adaptation  to  survive  periods  of  food  scarcity  by 
reducing costs of metabolically expensive brain tissue.  In contrast,  in Sumatran orangutans, 
which  do  not  face  the  same  environmental  constrains  and  have more  favorable  energy 
budgets,  I  found signatures of potential adaptive evolution within genes related to  learning 
and  adult  brain  plasticity,  the  oxytocin  pathway,  heart  development,  and  hearing.  I 




striking  geographic  variation  in  orangutan  phenotypic  traits may  indeed  represent  genetic 
local adaptations.  
The  findings  of  this  dissertation  also  have  important  ramifications  for  the  taxonomy  and 
conservation management of orangutans. For instance, in light of the long‐lasting separation 
of orangutans to the south and to the north of Lake Toba in Sumatra, I suggest a taxonomic 







Ein  grundlegendes  Ziel  der  Evolutionsbiologie  ist  zu  verstehen,  wie  adaptive  Variation 
phänotypischer Merkmale  infolge  natürlicher  Selektion  entstanden  ist  und  zur  Artbildung 
beigetragen hat. Bis  vor  kurzem war es  jedoch  technologisch unerreichbar, die  genetische 
Basis  und  die  Mechanismen,  die  dem  Adaptationsprozess  zugrunde  liegen,  in  einem 
genomweiten Ansatz  zu untersuchen. Das Aufkommen des  sogenannten  "Next Generation 
Sequencing"  hat unsere Möglichkeiten  fundamentale  Fragestellungen  in der  Evolutionären 
Genetik  zu  untersuchen  revolutioniert,  wie  beispielsweise  die  Frage  nach  dem  relativen 
Einfluss  verschiedener  evolutiver  Prozesse  auf  die  Musterbildung  genetischer  Variation 
innerhalb und zwischen Arten.   




Sundaland  weltweit  zu  einer  der  spannendsten  Regionen,  um  zu  untersuchen,  wie 
Umweltprozesse zu  lokaler Adaption und zur Diversifikation von Arten führen. Während des 
Quartärs stand die Region unter ausgesprochen starkem Einfluss klimatischer Schwankungen. 
Das  Kontinentalschelf  war  beispielsweise  infolge  des  sinkenden  Meeresspiegels  während 
Eiszeiten periodisch freiliegend, was wiederholt zu Landbrücken zwischen den Inseln führte. 
Orang‐Utans  zeigen  aussergewöhnliche  und  gut  dokumentierte  geografische  Variation  in 
vielerlei Merkmalen betreffend Morphologie, Physiologie, Lebenszyklus, Verhaltensökologie 
und  Sozialorganisation,  was  auf  ein  hohes  Mass  an  lokaler  Adaption  hindeutet.  Ein 
beträchtlicher  Anteil  dieser  Variation  ist mit  grosser Wahrscheinlichkeit  gekoppelt  an  die 
ökologischen  Unterschiede  innerhalb  des  Verbreitungsgebiets  der  Gattung  Pongo.  Die 
Variation  in  phänotypischen  Merkmalen  bietet  eine  ausgezeichnete  Möglichkeit,  die 
Einwirkung von Umweltprozessen auf die genetische Variation  zwischen und  innerhalb von 
Arten  zu  studieren.  In  dieser  Dissertation  untersuchte  ich  die  Evolutionsgeschichte  der 
Orang‐Utans und die genetische Basis, die  lokalen Adaptionen zugrunde  liegt, mittels einem 
das ganze Genom umfassendem Ansatz.  
Im  ersten  Teil  dieser Dissertation  legte  ich  den  Fokus  auf methodische  Aspekte,  i.  e. wie 
adäquate populations‐genomische Daten generiert werden können. Das Y‐Chromosom ist bei 
Säugetieren  von  entscheidender  Bedeutung  um  die  Männchen‐spezifische 




spezifischen Markern  geprüft  und  neue mögliche  Strategien  erläutert. Daraufhin  habe  ich 
eine neuartige, breit auf Säugetiere anwendbare, bioinformatische Strategie ausgearbeitet, 
 8 
die  es  ermöglicht,  Y‐spezifische  Sequenzen  von  Ganz‐Genom‐Sequenzierungsdaten  zu 
gewinnen. Mit dieser Methode war es mir möglich, erstmals die Männchen‐ und Weibchen‐
spezifische Evolutionsgeschichte eines Menschenaffen – abgesehen vom Menschen selbst – 
auf  genomischer  Ebene  zu  vergleichen  und  nachzuvollziehen. Meine  Resultate  zeigen  die 
grosse  Bedeutung  und  das  Potenzial  von  genomischen  Y‐spezifischen  Daten  für  das 
umfassende Verständnis der Evolutionsgeschichte einer Art. Des Weiteren entwickelte ich ein 
Protokoll  für  ein  verbessertes  reduziertes‐Genomkomplexitäts‐Sequenzieren,  das  erlaubt 
kostengünstig  nur  einen  Teil  des Genoms  zu  sequenzieren  und  dies mit  einer  sehr  hohen 
Genotypisierung‐durch‐Sequenzierung  Effizienz  und  Reproduzierbarkeit  zwischen 
genetischen Proben. Mein Protokoll  ist Teil eines wachsenden Methodenpaktes, das uns  in 
die Lage versetzt, Genomdaten von natürlichen Populationen zu generieren. 
Im Hauptteil  dieser Dissertation untersuchte  ich die  Evolutionsgeschichte der Orang‐Utans 
und wie diese durch die dynamischen Umweltprozesse in Sundaland beeinflusst wurde. Dafür 
erarbeitete  ich  einen  einzigartigen  Datensatz  autosomaler  und  geschlechts‐spezifischer 
Genomdaten,  der  das  gesamte  derzeitige  geografische  Verbreitungsgebiet  der  Gattung 
Pongo  abdeckt.  Ich  stellte  fest,  dass  die  Evolutionsgeschichte  der  Orang‐Utans  eine 
Geschichte  von  zwei  Inseln  und  zwei  Geschlechter  ist,  geprägt  durch  stark  schwankende 
Umweltbedingungen  in  Sundaland  und  aussergewöhnlich  unterschiedlichen  geschlechts‐
spezifischen Abwanderungstendenzen von Männchen und Weibchen  in dieser Gattung. Die 
Artbildung  von  P.  abelii  und  P.  pygmaeus  war  ein  gradueller  Prozess  über  mehrere 
hunderttausende  von  Jahren  beginnend  anfangs  des  Pleistozäns.  Sie  stand  unter  starkem 





während  des  Pleistozäns  die  beiden  Orang‐Utan  Arten  unterschiedlich  beeinflusst  haben.  
Klimaveränderungen  und  die  damit  verbundenen  Schwankungen  des  Erstreckungsgebietes 
des  Regenwaldes  hatten  einen wesentlichen  Einfluss  auf  die Orang‐Utans  auf Borneo. Die 
Fluktuationen führten zu wiederholten genetischen Flaschenhals‐Effekten (mitunter zu einem 
gemeinsamen  glazialen Refugium während des  späten Pleistozäns) und  einem  seit  langem 
andauernden Populationsrückgang.  Im Gegensatz dazu waren die Orang‐Utans auf Sumatra 
weit weniger von den klimatischen Schwankungen betroffen und durchlebten eine auffallend 










Utans auf Borneo,  insbesondere diejenigen  im Nordosten der  Insel (P. p. morio), genetische 
Adaptionen  aufweisen,  um  starke  Fluktuationen  in  der  Nahrungsmenge  mit  längeren 
Zeiträumen von ausgeprägter Nahrungsknappheit, zu bewältigen. Diese treten vor allem  im 
Zusammenhang  mit  El  Niño‐Perioden  auf  und  betreffen  den  Nordosten  von  Borneo  am 
stärksten. Ich habe beispielsweise genetische Signale gefunden, die auf mögliche Adaptation 
betreffend  des  Energiespeicherungs‐Metabolismus  (im  Spezifischen  des  Stoffwechsels  der 
adipösen  Zellen)  hindeuten. Dies  steht  im  Einklang mit  der  Beobachtung,  dass  die Orang‐
Utans  Borneos  bei  Nahrungsüberfluss  weit  grössere  Fettreserven  anlegen  als  die  Orang‐
Utans  Sumatras.  Es  wird  angenommen,  dass  dieses  dem  physiologischen  Puffern  in 
Hungerperioden dient. Ich habe zudem mehrere Kandidaten‐Gene und biologische Prozesse 
identifiziert  die mit  der  Neurogenese  zusammenhängen,  was  kongruent  zu  der  kleineren 
Gehirngrösse  der  Orang‐Utans  im  Nordosten  von  Borneo  ist.  Diese  stellt möglicherweise 
ebenfalls eine Adaption dar, womit das Überleben bei extremer Nahrungsknappheit gesichert 
wird,  indem  der  energetische  Aufwand  des  metabolisch  anspruchsvollen  Hirngewebes 
gesenkt wird.  
Orang‐Utans  auf  Sumatra  sind  dagegen  deutlich  weniger  harschen  Umweltbedingungen 
ausgesetzt.  Im  Einklang  damit  habe  ich  dementsprechend  andere  Signale  von  möglicher 
positiver  Selektion  gefunden.  Diese  betrafen  zum  Beispiel  Gene,  die  wichtige  Funktionen 
haben  in Bezug auf die  Lernfähigkeit und die Plastizität des adulten Gehirns, den Oxytocin 
Signalweg, die Herzentwicklung und das Gehör.  Ich stelle die Hypothese auf, dass selektive 
Änderungen  in  diesen  Genen  den Orang‐Utans  auf  Sumatra  die  Rahmenbedingungen  zur 
Erweiterung  plastischer  Verhaltensweisen  –  verbunden  mit  ihrem  weit  grösseren  und 
komplexeren kulturellen Repertoire und  ihrer höheren Sozialität – bieten. Insgesamt deuten 
meine Resultate darauf hin, dass  zumindest ein Teil der bemerkenswerten geographischen 




in Anbetracht der  langandauernden Separation  von Orang‐Utans nördlich und  südlich  vom 









I  began  this  dissertation  because  I  was  fascinated  by  the  new  avenues  next  generation 
sequencing  has  opened  up  to  the  field  of  evolutionary  biology  by  finally making  answers 
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subsequent  fixation  of  favorable  traits,  empirical  demonstrations  of  selection  in  natural 
populations have proven difficult  (for  a  review  see  Savolainen et  al. 2013).  Identifying  the 
genetic  basis  and  mechanisms  underlying  local  adaptations  has  been  a  long‐standing 
endeavor (Fisher 1930; Kimura 1984; Orr 1998). Main questions include: what is the genetic 






et  al.  2002; Haddrill  et  al.  2005; Nielsen  et  al.  2005b;  Stajich & Hahn  2005; Hahn  2008). 
Unraveling how these different evolutionary processes have shaped the genetic makeup of a 
species  is  a  main  interest  of  evolutionary  genetics  (Lewontin  1974;  Mayr  1982),  and 




Excoffier  et  al.  2009).  Therefore,  detailed  information  about  the  demographic  history  and 
extant population structure  is required to disentangle these potentially confounding effects 
from  true  signals of  selection  (Wall  et  al. 2002; Haddrill  et  al. 2005; Nielsen  et  al. 2005b; 
Stajich & Hahn 2005). Overall, for a comprehensive understanding of a species' evolutionary 
history  and  the  process  of  speciation we  need  knowledge  of  (i)  geographic  structuring  of 
gene  pools,  (ii)  demographic  history  of  populations,  (iii)  genetic  adaptions  to  local  habitat 
conditions,  and  (iv)  the  environmental  and  biological  factors  shaping  all  of  the 
aforementioned.  
1.2 Processes shaping patterns of genetic variation in 
orangutans  
This dissertation investigates the processes that have shaped patterns of genetic variation in 
the  only  Asian  great  ape.  The  two  currently  recognized  species  of  the  genus  Pongo  are 
endemic to the islands of Borneo (P. pygmaeus) and Sumatra (P. abelii), which both are part 






local  adaptions.  A  considerable  part  of  this  variation  is  almost  certainly  linked  to 
environmental  differences  throughout  the  genus’  range.  Therefore,  the  documented 
variation  in  phenotypic  traits  offers  a  great  opportunity  to  study  the  interaction  between 
environmental  forces  and  genetic  variation  both  between  and  within  two  closely‐related 
great ape  species. Due  to  the basal position of  the  genus Pongo  in  the  lineage  leading  to 
African great apes and modern humans  (Groves 2001), the genus  is of high  importance  for 
our understanding of the evolutionary history of great apes in general.  
Orangutans have likely experienced a very complex demographic history. The flora and fauna 
of  Sundaland  has  been  drastically  impacted  by  highly  dynamic  environmental  processes 
during  the Quaternary  (Hall 2002; Bird  et al. 2005). Because orangutans are dependent on 
evergreen  rainforest  and  exhibit  an  exceptionally  slow  life  history  (Delgado &  van  Schaik 




Dynamic environmental processes of Sundaland 
Sundaland  is  a  tropical  Asian  hotspot  of  biodiversity with  unusually  high  level  of  species 
endemism (Myers et al. 2000; Sodhi et al. 2004), making it to one of the most exciting global 
regions  in which  to  investigate  how  geological  and  environmental  processes  lead  to  local 
adaptation and  species diversification. The currently partly  submerged  shallow Sunda Shelf 
includes the Malaysian peninsula, the islands of Sumatra, Borneo and Java, as well as several 
smaller  islands  (Molengraaff  1921;  Bird  et  al.  2005).  The  Sunda  archipelago  underwent 
notable tectonic plate movements causing landmass reconfigurations. The present shape was 
attained in the Early Pleistocene ~2.6–1.8 million years ago (Ma) (Meijaard 2004). Since then, 
the  region  has  been  severely  affected  by  the  Quaternary  climatic  oscillations  (Figure  1; 
Flenley 1998; Morley 2000; Bird et al. 2005; Cannon et al. 2009; de Bruyn et al. 2014). 
The  Sunda  Shelf was  cyclically exposed during glacial periods when  sea  levels were  lower, 
which  repeatedly  reconnected  the  islands  (Verstappen  1997;  Voris  2000)  and  potentially 
allowed  for  terrestrial migration. Yet,  large paleo‐river systems dissected  the exposed shelf 
(Figure 2; Rijksen & Meijaard 1999; Harrison  et al. 2006) and a savanna corridor may have 
been present, at  least around glacial maxima  (Bird et al. 2005). Both  factors have probably 
imposed  substantial  barriers  to  migration  of  forest‐dwelling  species  between  Sundaland 
islands.  Generally,  glacial  periods  were  characterized  by  a  considerably  more  arid  and 
seasonal climate compared  to  inter‐glacials  (Morley 2000),  leading  to strong  fluctuations  in 
coverage and elevational distribution of  rainforests  (Flenley 1998; Morley 2000; Bird  et  al. 
2005;  Cannon  et  al.  2009;  de  Bruyn  et  al.  2014).  These  recurrent  habitat  expansions  and 






al. 2000). Most notable  is Mount Toba  in northern Sumatra, which had at  least  four major 
and numerous smaller eruptions during the Pleistocene (Chesner et al. 1991; Hall 1996). The 
Toba  supereruption ~73  thousand years ago  (ka) has been  the  largest volcanic eruption of 
the Quaternary (Chesner et al. 1991). However, the impact of this supereruption on regional 
and global wildlife  remains highly  controversial  (e.g.  Schulz  et  al. 2002; Gathorne‐Hardy & 
Harcourt‐Smith 2003; Petraglia  et  al. 2007; Haslam & Petraglia 2010; Williams  et  al. 2010; 
Williams 2012). Some researches argued that the impact on fauna and flora has actually been 
limited (e.g. Schulz et al. 2002; Gathorne‐Hardy & Harcourt‐Smith 2003; Petraglia et al. 2007; 
Haslam & Petraglia 2010), while others hypothesized  that  the eruption  induced a  ’volcanic 
winter‘ that, among others, may have caused a severe population bottleneck in early humans 
(e.g. Ambrose 1998; Rampino & Ambrose 2000). Finally, the Sundaland region contains a high 









Figure  1. Global  climate  changes  over  the  past  2.7 million  years. Glacial  cycles  are derived  from 
oxygen isotope data which reflect changes in temperature. Even marine isotope stages (MIS) numbers 








Distribution and population history of orangutans 
The  evolutionary  history  of  orangutans  has  likely  been  strongly  influenced  by  the 
aforementioned environmental processes as indicated by major changes in their distribution 
during  the  Quaternary  (von  Koenigswald  1982;  Rijksen  & Meijaard  1999;  Delgado  &  van 
Schaik  2000).  Fossil  records  provide  evidence  that  they  were  once  widely  distributed 
throughout mainland  Southeast Asia  and most  of  the  Sundaland  islands  (von  Koenigswald 
1982; Rijksen & Meijaard 1999; Delgado & van Schaik 2000). By the end of the Pleistocene, 
however, all orangutan populations on the mainland had become extinct (Rijksen & Meijaard 
1999;  Ibrahim  et  al. 2013). Climatic  changes may have  led  to  the  southward  shift of  their 
distribution (Jablonski 1998; Ibrahim et al. 2013). During the Holocene, also the orangutans in 
southern Sumatra and  Java disappeared  (Delgado & van Schaik 2000;  Ibrahim  et al. 2013). 
This has mainly been attributed to anthropogenic factors,  i.e. hunting by prehistoric hunter‐
gatherer  societies  (Delgado  &  van  Schaik  2000).  Nowadays,  their  range  is  restricted  to 




on Borneo  (P.  pygmaeus)  (Figure 3; Wich  et  al. 2008). Based on morphological  characters 
(Groves  2001)  and  early  genetic  data  (Warren  et  al.  2001),  three  subspecies  of  Bornean 
orangutans are currently recognized: P. P. pygmaeus  in northwest Borneo, P. p. wurmbii  in 
central‐southwest  Borneo,  and  P.  p.  morio  in  northeast  Borneo  (Figure  3;  Groves  2001; 
Brandon‐Jones et al. 2004). No subspecies have been described for Sumatran orangutans.  
As  all  extant  non‐human  great  apes,  orangutans  are  highly  threatened  with  extinction, 
particularly by ongoing habitat loss and fragmentation, as well as illegal hunting and pet trade 
(Delgado & van Schaik 2000; Goossens et al. 2006a; Gaveau et al. 2009; Meijaard et al. 2011; 
Wich  et  al.  2012).  Sumatran  orangutans  are  listed  as  critically  endangered  and  Bornean 
orangutans as endangered (IUCN 2014), with only an estimated 6,600 Sumatran and 54,000 
Bornean  orangutans  left  in  the wild  (Wich  et  al. 2008). Alone within  the  last  century,  the 












Signals of  the environmental events of  Sundaland were  found  in genetic  studies of extant 
orangutans, pointing  towards  at  a  very  complex demographic history of  the  genus Pongo. 




census  size  (Wich  et  al.  2008).  It  had  been  hypothesized  that  the  larger Ne  of  Sumatran 
orangutans was a result of immigration events from different geographic regions (Muir et al. 
2000;  Steiper  2006).  However,  this  scenario  has  been  challenged  given  the  very  deep 
geographic structure of Sumatran mtDNA  lineages, which hints at  long  last‐lasting  isolation 




In  both  orangutan  species,  distinct  population  structure  was  documented  based  on 
autosomal microsatellite markers  and mtDNA  loci  (Warren  et  al.  2001; Arora  et  al.  2010; 
Nater  et  al.  2011; Nater  et  al.  2013; Nater  et  al.  2015).  The  particularly  complex  genetic 
structure in Sumatra was highlighted by the lack of reciprocal monophyly for mtDNA between 













strongly  sex‐biased  dispersal  system  of  orangutans, where  gene  flow  is  almost  exclusively 
male‐mediated. Both field and genetic studies have shown that young females preferentially 




et al. 2009) may  force  them  to  travel  large distances before being able  to establish a new 





Geographic variation in orangutan behavioral ecology 
In a large long‐term collaborative effort of orangutan researchers, involving almost all active 
field  sites  and  hundreds  of  thousands  of  hours  of  observations,  a  unique  data  set  of 
behavioral and environmental variation has been compiled for the genus Pongo (van Schaik 
et al. 2009b). A comparative synthesis of these findings has recently been published in Wich 
et  al.  (2009b),  revealing  a  remarkable  variation  in  phenotypic  traits.  The  documented 
variation (Table 1) largely follows a west–east gradient across the entire range of orangutans 
from northern Sumatra (P. abelii) via western and central Borneo (P. p. wurmbii) to eastern 
and  northern  Borneo  (P.  p.  morio)  (van  Schaik  et  al.  2009b; Wich  et  al.  2009b;  there  is 
insufficient data  for P.  P.  pygmaeus). Most of  these differences are expected  to  represent 
adaptations  to  ecological  variation  following  the  same west–east  gradient  (Krützen  et  al. 
2011; Wich et al. 2011b), particularly to habitat productivity and stability of food supply (van 
Schaik et al. 2009b). 




of  food scarcity, as  fruit availability  is  temporally more stable  in northern Sumatra.  In stark 
contrast, Bornean orangutans have to cope with strong fluctuations in fruit abundance (Wich 
et  al.  2006; Morrogh‐Bernard  et  al.  2009;  Kanamori  et  al.  2010; Wich  et  al.  2011b),  also 
associated with  impacts of the El Niño‐Southern Oscillation phenomenon (ENSO) (Philander 
1983). Particularly in the northeast of Borneo (P. p. morio), orangutans are severely affected 
by  the  unpredictable  ENSO  periods  (MacKinnon  et  al.  1996;  Knott  1998;  Delgado  &  van 
Schaik  2000).  At  the  intervals  of  2–10  years,  ENSO  events  cause  prolonged  droughts  and 
forest  fires  that  lead  to periods of extreme  food scarcity. During  these periods, orangutans 
mainly  feed on  low‐energy  (fallback)  foods such as  inner bark,  leaves, and other vegetation 
(Knott 1998; Morrogh‐Bernard et al. 2009). 
In  line with the differences  in habitat quality, orangutan population densities decrease from 
west  to east  (Husson  et  al. 2009; Marshall  et  al. 2009).  In  the  same direction, mandibular 
robusticity  and  probably  tooth  enamel  thickness  increase,  which  has  been  linked  to  a 
mechanically more challenging diet with a higher proportion of stiff foods like seeds or inner 
bark  (Taylor  2006;  Taylor  2009).  A  significant  decrease  in  the  northeastern  P.  p.  morio  is 
observed  in both absolute and relative brain size of female orangutans (Taylor & van Schaik 











Orangutans  also  display  systematic  physiological  differences.  Measures  of  ketone  bodies 
excreted  in urine of wild  individuals  indicate a greater  tendency of Bornean orangutans  to 
deposit large fat storages compared to Sumatran orangutans (Knott 1998; Wich et al. 2006). 
This  finding  is  supported by anecdotal evidence  from  captive orangutans where obesity  in 
response to  long‐term food abundance  is much more commonly seen among Bornean than 
Sumatran  orangutans  (Dierenfeld  1997;  van  Schaik  et  al.  2009b).  This may  allow  Bornean 







van  Schaik 2010, unpublished data) decrease.  In  addition,  Sumatran orangutans  are much 
more  sociable  and  exhibit  a  higher  social  tolerance  than  Bornean  orangutans  (van  Schaik 
1999;  van  Schaik  2004;  Knott  et  al.  2008; Mitra  Setia  et  al.  2009; Weingrill  et  al.  2011). 
Probably linked to this and their larger brains, the cultural repertoire of Sumatran orangutans 
is  larger and multiple complex  innovations have been documented  that are  rare  to absent 


















Habitat       
  Forest productivity  Higher  Lower  Lower 
  Impact of mast fruiting  Less  More  Most? 
  Tigers  Present  Absent  Absent 
Morphology       
  Average brain size (cc)  388  374  364 
  Mandibles  Gracile  Robust  Very robust 
  Tooth enamel  Thinner  Thicker  Thicker 
Physiology       
  Ketone bodies in urine  Very rare  Rare  ? 
Behavioral Ecology       
  Variation in fruit intake  Low  Higher  Highest 
  Reliance on non‐fruit fallbacks  Very rare  Common  Commonest 
  Mean insectivory (% feeding time)  ca 11%  ca 6%  ca 1.5% 
  Female daily travel distance (m)  ca 820  ca 760  ca 230 
  Number of day nests build/day  ca 0.8  ca 0.4  ca 0.05 
  Sensitivity to logging  High  Lower  Lowest 
  Population density  Higher  Usually Lower  Among lowest 
Social organization       
  Sociability  Highest  Lower  Lower 
  Susceptibility to social stress  Lower  Higher  Higher 
  Cultural repertoire  Large  Smaller  Small 
  Presence of complex innovations  Multiple  Rare  Absent 
  Earshot associations (fl. male‐
female)  Present  Absent  Absent 
  Male developmental arrest  Present  Weak  Absent? 
  Presence of forced matings  Rather low  High  High 
Life history       
  Interbirth intervals (mean, years)  8.75  7.70  6.10 
  Age at first birth  15–16  13–15  less than 13 





1.3 The genomics revolution 
Until  recently,  extensively  examining  the  potential  genetic  basis  of  adaptations  in  natural 
populations  has  been  beyond  reach.  Studying  genetic  targets  of  selection  was 
methodologically  limited  to hypothesis‐driven  candidate gene approaches.  In humans  (and 
some other species)  the examination of  individual candidate genes with known phenotypic 
effect  of  the  selected  variant  has  yielded  notable  success  for  a  few  genes,  including  the 
lactose  tolerance  gene  LCT  (Bersaglieri  et  al.  2004),  and  genes  that  reduce  malaria 
susceptibility such as HBB (Currat et al., 2002; Ohashi et al., 2004). However, such candidate 








(e.g.  reviewed  in Bank  et al. 2014; Ellegren 2014; Pardo‐Diaz  et al. 2014). High‐throughput 









1.4 Aims and outline of the dissertation 
This dissertation seeks to contribute novel insights into the evolutionary history of the Asian 
great apes, by taking  into account the environmental processes shaping  it and the genomic 








Grossman et  al. 2013). However,  similar attempts within genera or on  the  species  level of 
non‐human  great  apes  are  rare  (but  see McManus  et  al.  2015;  Xue  et  al.  2015),  and  the 
required  genomic  sequence  data  are  just  beginning  to  emerge  (Locke  et  al.  2011;  Prado‐
Martinez  et  al.  2013;  Scally  et  al.  2013;  Xue  et  al.  2015).  To  date,  orangutan  adaptive 
evolution has only been investigated broadly on the level of the genus (e.g. Kosiol et al. 2008; 
Enard et al. 2010; Locke et al. 2011; Ma et al. 2013). However, our detailed knowledge about 
orangutan  biology  and  its  geographic  variation  offers  a  unique  opportunity  to  study  the 
genetic basis underlying adaptive phenotypic variation both within and between orangutan 
species.  






as  microsatellites  or  short  mtDNA  sequences,  which  could  be  applied  to  non‐invasively 
collected samples. However, to understand orangutan evolutionary history comprehensively, 
it  is  paramount  to  study  their  demographic  history,  population  structure,  and 
phylogeographic patters using genome‐wide sequence data. In two recent sequencing efforts, 
Locke  et  al.  (2011)  and  Prado‐Martinez  et  al.  (2013)  sequenced  whole  genomes  of  ten 
orangutans  each.  These  data  represent highly  valuable  resources  for orangutan  genomics. 
However,  inferences were hampered by the  fact that all study  individuals were captive zoo 
orangutans  with  unknown  population  provenance  (though  most  individuals  were  wild‐
caught), which is limiting the perspective for population genomic analyses of wild populations. 
This dissertation  is aimed at  (i)  reconstructing  the evolutionary history of  the genus Pongo 
using genome‐wide data from orangutans with known provenance across the genus' extant 
geographic  range,  and  (ii)  identifying potential  genomic  signatures of  local  adaptations.  In 
order  to  achieve my  goals  related  to  orangutan  biology,  I  focused  in  the  first  part  of  this 
Chapter 1 
28 
dissertation  on methodological  aspects,  i.e.  how  to  generate  suitable  population  genomic 
data.  This  was  because  despite  the  recent  advances  in  DNA  sequencing  technology, 




population  structure,  phylogeographic  patterns,  and  potential  genetic  local  adaptations  of 




The quest for the Y 
Genetic  data  from  the  male‐specific  region  of  the  Y  chromosome  (MSY)  represents  an 
essential complement to maternally and biparentally inherited genetic markers, and is critical 
for  studying male‐specific evolutionary processes  (Prugnolle & de Meeus 2002; Handley & 
Perrin  2007a).  Because  sex‐biased  dispersal may  strongly  impact  the  genetic makeup  of 
natural  populations,  a  comprehensive  understanding  of  a  species’  evolutionary  history 






In  Chapter  2,  published  as  an  invited  technical  review  in  Molecular  Ecology  Resources 
(Greminger  et  al.  2010),  I  present  an  overview  of  the  current methodological  strategies 
applied to developing MSY‐specific genetic markers in non‐model species and their practical 
feasibility  and  limitations.  Furthermore,  I  describe  strategies  with  future  prospects  with 
regard to the advent of high‐throughput sequencing. 
In Chapter 5, submitted to Systematic Biology (Greminger et al., submitted), I present a novel 
bioinformatics  strategy  to  extract MSY‐specific  single‐copy  sequences  from whole‐genome 
sequencing data. This approach allowed us for the first time to comparatively trace both the 
male‐ and female‐specific evolutionary history on a genomic level in a non‐human great ape 
(but  see  Xue  et  al.  2015).  I  also  identified  a  large  number  of MSY‐specific microsatellite 
markers and single‐nucleotide polymorphisms (SNPs) which serve as a valuable resource for 
future studies of non‐invasively sampled wild orangutans. To my knowledge, comparable Y 
chromosome  sequencing  in  non‐human  mammals  has  only  been  achieved  for  horses 







expect  that  the  principle  of my  bioinformatics  strategy will  be widely  applicable  to  other 
mammalian  species.  In  fact,  a  highly  similar  strategy  has  very  recently  been  applied  to 
Mountain gorillas (Xue et al. 2015).  
Reduced genome complexity sequencing 
Despite advances  in DNA  sequencing  technology,  (re‐)sequencing whole genomes of many 
samples  still  constitutes  substantial  financial and  computational effort, although  it became 
more  accessible  at  very  recent  times.  Reduced  genome  complexity  sequencing  strategies 
(commonly known as RAD and RRL sequencing) offer great prospects  for  the generation of 
population genomic sequence data by allowing sampling only a fraction of the genome.  
In  Chapter  3,  published  in  BMC  Genomics  (Greminger  et  al.  2014),  I  developed  a  novel 
protocol  (named  iRRL)  for  improved  reduced  genome  complexity  sequencing.  Using  this 
protocol,  I generated  iRRL data from the two populations at the extremes of the west–east 










SNP  and  genotype  callers  (Chapter  3)  and  obtained  substantially  different  SNP  datasets 
depending  on  the  caller  algorithm,  sequencing  depth  and  filtering  criteria.  These 
inconsistencies affected scans to detect selective sweeps (low overlap of  identified putative 
sweeps) and will likely also exert undue influences on demographic inferences as implied by 
shifts  in  the  allele‐frequency  spectra.  Since  the  beginning  of my  Ph.D.  candidacy, major 
advancements have been made in the development of sophisticated probabilistic algorithms 
for SNP and genotype calling  (Van der Auwera et al. 2013; Li 2014). Nevertheless, accurate 










al.  2010;  Stölting  et  al.  2013),  data  obtained  in  this manner  face  several  limitations with 
respect to certain biological questions, which necessitate the use of whole‐genome data. For 
instance, many modeling  approaches  to  infer demographic history  (e.g.  Li & Durbin 2011; 
Harris & Nielsen  2013)  require whole‐genome  data. Moreover,  scans  to  detect  signals  of 
natural selection greatly profit from  increased power, specificity, and resolution  if based on 
whole‐genome data. Only with complete genome  information, we can make use of the  full 




Samples  subjected  to  whole‐genome  sequencing  were  carefully  selected  in  order  to 
complement  previous  sequencing  efforts  (Locke  et  al.  2011;  Prado‐Martinez  et  al.  2013), 
thereby  achieving  a  complete  representation of  the entire extant geographic  range of  the 
genus  Pongo.  The  inclusion  of  the  20  previously  sequenced  individuals without  reported 
provenance  (Locke  et  al.  2011;  Prado‐Martinez  et  al.  2013)  was  made  possible  by  our 
detailed knowledge of orangutan phylogeography and population structure based on classical 
genetic markers (Chapter 3; Arora et al. 2010; Nater et al. 2011; Nietlisbach et al. 2012; Nater 
et  al. 2013; Greminger  et  al. 2014; Nater  et  al. 2015), providing a hitherto unprecedented 
opportunity to identify the natal population of individuals retrospectively.  
This unique dataset of orangutan whole‐genome sequencing data constituted the fundament 




Demographic history and population structure 
In Chapter 4, I investigated the demographic history of the genus Pongo and the geographic 
structure of autosomal genetic diversity. I found that the speciation of Bornean and Sumatran 
orangutans  has  been  a  gradual  process  over  several  hundred  thousand  years,  heavily 
influenced  by  recurrent  climate  changes  in  Sundaland.  My  findings  also  revealed  that 
Bornean  and  Sumatran  orangutans  were  affected  differently  by  the  Pleistocene  climate 
oscillations.  While  climate  changes  had  a  major  impact  on  the  evolutionary  history  of 
Bornean orangutans, likely causing repeated bottlenecks and a long‐term population decline, 
Sumatran  orangutans  were  much  less  affected  and  experienced  a  remarkably  stable 
population history and structure throughout the Pleistocene. Only recently, they also faced a 
drastic population decline,  likely  caused by  the Toba  supereruption ~73 ka and prehistoric 





direct evidence of a  strong  regional  impact of  the  supereruption on a  large mammal.  The 
findings  presented  in  this  chapter  also  have  important  ramifications  for  orangutan 
conservation  and  taxonomy,  in particular with  respect  to  the Batang  Toru population,  the 
only extant Sumatran orangutans south of Lake Toba. 
Sex-specific phylogeography 
In Chapter  5,  I  focused on  the  sex‐specific  evolutionary histories of orangutans. Analyzing 
large‐scale MSY  sequence  data  (outlined  above)  and  complete mitochondrial  genomes,  I 
found  that orangutan evolutionary history  is not only a  tale of  two  islands, but also one of 
two  sexes.  Males  and  females  exhibited  strikingly  distinct  population  histories  and 
phylogeographic  patterns,  owing  to  high  levels  of male‐biased  dispersal  and  strict  female 
philopatry  in  orangutans.  The  results  from  the mitochondrial  genomes  further  confirmed 
previous  findings of a common  late Pleistocene  rainforest  refugium of Bornean orangutans 





two  species  likely  have  been  reproductively  isolated  for  considerably  longer  time  than 
proposed  previously.  The  results  presented  in  this  chapter  further  suggest  that  different 
evolutionary  forces might act on  the MSY  in  the  two orangutan species, probably  linked  to 
extensive reproductive skew among Sumatran males. 
Genomic signatures of local adaptation 
In Chapter 6, I present the first whole‐genome scans for positive selection within the genus 
Pongo to study the genetic basis of local adaptations. Using a combination of approaches to 
detect  signatures  of  positive  selection,  including window‐based  genome  scans  to  identify 
putative  hard  sweeps,  I  identified  strong  candidate  genes  and  functional  SNPs  potentially 
associated with  the observed variation  in phenotypic  traits  in orangutans  (van Schaik  et al. 
2009b). In Bornean orangutans, I found for instance signals of potential adaptation pertaining 
to energy storage (i.e. adipose tissue) metabolism, in congruence with their greater ability to 
deposit  large fat storages.  I also  identified several candidate genes and biological processes 
related to neurogenesis, which is in line with the smaller brain size of Bornean orangutans. In 
contrast,  in  Sumatran  orangutans,  I  found  for  example  signatures  of  potential  adaptive 
evolution  of  genes  related  to  learning,  adult  brain  plasticity,  and  the  oxytocin  pathway.  I 
hypothesize that selective changes  in these genes may provide Sumatran orangutans with a 
framework allowing  for extended behavioral plasticity, as mirrored  in their  larger and more 
complex  cultural  repertoire and  their higher  sociability. Overall,  the  results of  this  chapter 
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Tracing  maternal  and  paternal  lineages  independently  to  explore  breeding  systems  and 
dispersal  strategies  in  natural  populations  has  been  high  on  the wish  list  of  evolutionary 
biologists. Because males are the heterogametic sex  in mammals, such sex‐specific patterns 
can  be  indirectly  observed  when  Y  chromosome  polymorphism  is  combined  with 
mitochondrial sequence information. Over the past decade, Y‐chromosomal markers applied 
to human populations have revealed remarkable differences in the demographic history and 
behaviour  between  the  sexes.  However,  with  a  few  exceptions,  genetic  data  tracing  the 
paternal  line are  lacking  in most other mammalian species. This deficit can be attributed to 
the  difficulty  of  developing  Y‐specific  genetic  markers  in  non‐model  organisms  and  the 
general  low  levels of polymorphisms observed on  the Y chromosome. Here, we present an 
overview of the currently employed strategies for developing paternal markers in mammals. 
Moreover, we  review  the  practical  feasibility  and  requirements  of  various methodological 
strategies  and  highlight  their  future  prospects  when  combined  with  new  molecular 
techniques such as next generation sequencing. 
   





time.  In  birds  for  example,  dispersal  is  mainly  female‐biased  and  males  are  philopatric, 
resulting  in a higher number of  female genes being exchanged between populations. Such 
sex‐biased  dispersal  has  profound  consequences  for  the  genetic  diversity  and  genetic 
makeup  of  natural  populations  (Handley  &  Perrin  2007b).  Information  on  sex  specific 
differences in dispersal patterns gathered using autosomal genetic markers is limited to one 
generation,  given  that  recombination  will  obscure  independent  maternal  and  paternal 
lineages in the next generation (reviewed in Goudet et al. 2002; Prugnolle & de Meeus 2002). 
Moreover,  sex‐biased  dispersal  is  currently  still  assessed  qualitatively  rather  than 
quantitatively  (Petit  et  al.  2002).  As  a  consequence,  there  remains  a  considerable  gap 
between empirical data and our theoretical understanding of dispersal strategies  in relation 
to different mating systems and ecological constraints (Handley & Perrin 2007b). 
The  independent  demographic  population  history  either  sex  can  be  investigated  by 
contrasting chromosome polymorphisms of  the heterogametic sex with mitochondrial DNA 
(mtDNA) sequence variation, provided that maternally  inherited mtDNA  is passed on  in the 
homogametic  sex.  In mammals,  for  instance, males  are  the  heterogametic  sex  and  thus 
inherit  large  portions  of  the  Y‐chromosome  without  recombination  from  their  father.  Y‐
specific haplotype data can therefore be applied as paternal analogues  to mtDNA. Yet with 
the exception of primates (Erler et al. 2004; Eriksson et al. 2006; Douadi et al. 2007a), only a 
few  studies  report  Y  chromosome  variation within  and  between  natural  populations  (e.g. 
Sundqvist et al. 2001; MacDonald et al. 2006; Hailer & Leonard 2008). In humans, numerous 
Y‐chromosomal markers have been discovered over the last decade (Kayser et al. 2004), and 
as  such  enabled  the  collection  of  comprehensive  sets  of  paternal  data.  For  example, 
comparisons  between  Y‐variation  with  mitochondrial  sequence  information  alongside 
autosomal data provide  independent evidence for a single African origin of modern humans 
(Ke et al. 2001). Evidence for higher female migration rates among humans (Seielstad et al. 
1998)  and  significant  sex‐specific  differences  of  movements  between  social  ranks  by 
members of different Hindu  castes  for marital purposes  (Bamshad  et  al. 1998) have been 
reported. 
Despite these advances, the question of why there are so  few studies contrasting maternal 
and  paternal  lineages  remains.  This  is  remarkable  because  of  the  apparent  potential  to 
explore  breeding  systems  and  dispersal  strategies  in  animal  populations. Most  likely,  the 
answer  lies  in  the  difficulty  of  discovering  polymorphic  Y  chromosome‐specific markers  in 
natural  populations.  In  order  to  be  useful  for most  biological  applications,  these markers 




The  combination  of  the  distinctive  architecture  of  the  Y  chromosome  and  low  levels  of 
genetic variation require a substantial methodological effort to develop markers meeting all 
three  criteria.  We  will  provide  a  brief  overview  of  the  Y  chromosome  architecture  and 








however,  in  female  heterogametic  (ZW)  systems  (e.g.  birds,  Lepidoptera),  it  will  not  be 
possible  to  independently  contrast  maternal  and  paternal  lineages  since  both  the  W 
chromosome and mtDNA are maternally inherited. 
The different architecture of the Y chromosome 
The  principle  of  chromosomal  sex  determination  has  evolved  independently  among  taxa 
(Bull, 1984). The mammalian Y chromosome possesses only a limited number of active genes 




versa  (Steinemann  &  Steinemann  1992;  Skaletsky  et  al.  2003b;  Handley  &  Perrin  2006). 




remainder  of  the  chromosome,  called  the male‐specific  region  (MSY),  consists  of  several 





and  X‐degenerate  sequences  (Skaletsky  et  al.  2003b).  Ampliconic  segments  are  large 
tandemly  repeated  palindromic  units  showing  high  levels  of  intrachromosomal  sequence 
identity. This sequence class may contain several copies of a single gene. The X‐transposed 
sequences are a result of a large X‐ to Y‐ transposition that occurred after the divergence of 
the  human  and  the  chimpanzee  lineage.  Therefore,  these  are  unique  to  the  human  Y 
chromosome.  Finally,  the  X‐degenerate  sequence  class  represents  relics  of  the  ancient 
autosomes from which the X and Y chromosome are thought to have evolved, and comprises 
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single‐copy genes homologues of the X‐linked genes. Only paternal markers derived from loci 
within  these X‐degenerated  sequences  should  instantly  fulfil  the  criteria of male‐specificity 
and single‐locus amplification. 
Undoubtedly,  the  development  of  Y‐specific  markers  is  compromised  by  the  distinct 
architecture of  the Y  chromosome.  Incidentally,  this  limitation  is also  reflected by  the  fact 
that the Y chromosome is neglected in most mammalian genome sequencing projects due to 
difficulties  in generating sequence data and aligning contigs  (Murphy  et al. 2006). As such, 












regions,  the development of  single‐locus and male‐specific genetic makers  is  likely  to be successful. 





Expected low levels of genetic variation 
The haploid nature of the Y chromosome has important ramifications for the level of genetic 
diversity of Y sequences. Due  to  the general  lack of  recombination, new mutations are  the 
only evolutionary force  increasing DNA variation  in the MSY. Mutation rates  in the MSY are 
higher  than  in  the  remainder  of  the  genome  due  to  DNA  replication  errors  during 
gametogenesis, in particular in organisms with longer generation times (reviewed in Makova 
& Li 2002; Goetting‐Minesky & Makova 2006). However, empirical evidence for Y‐linked and 





being  responsible.  Under  the  assumption  of  a  balanced  sex  ratio  and  equal  variance  in 
reproductive success among males and  females,  the effective population size  (Ne) of  the Y 
chromosome and the mitochondrion  is  identical, but equivalent to only one‐quarter of that 
of  the  autosomes.  Therefore,  the  genetic  diversity  of  Y  chromosome  and  mtDNA  are 
particularly sensitive to demographic events such as population bottlenecks. In addition, the 
typical mammalian mating system is polygynous, where a few males father a disproportional 
fraction of the offspring  (Greenwood 1980). This  imposes a higher variance  in reproductive 
success  in  males  and  consequently  leads  to  a  reduction  in  Ne  of  the  paternal  lineage 
(Caballero 1995). Finally,  the MSY behaves  like a  single  locus and as  such  is  thought  to be 
susceptible  to  the  influence  of  selective  forces  acting  on  the  Y  chromosome  reducing  its 
genetic variation (Charlesworth & Charlesworth 2000).  
Low levels of Y‐polymorphism have been recorded in species of different mammalian orders 
(e.g.  Hellborg  &  Ellegren  2004;  but  see  Andres  et  al.  2008).  Therefore,  a  substantial 
sequencing effort  is often needed to detect  informative SNPs. As a result, researchers have 
resorted  to  identifying genetic markers on  the Y  chromosome with higher mutation  rates, 
e.g. microsatellites (Wallner et al. 2004; Handley & Perrin 2006; Luo et al. 2007). While the 
identification of polymorphic markers  located on  the MSY can be difficult  itself,  there  is an 
advantage  in that only a few polymorphic markers combined to haplotypes are sufficient to 
describe  paternal  genetic  diversity.  For  example,  in  humans  only  seven  polymorphic 
microsatellites  are  sufficient  to  depict  the  vast majority  of  the  global  haplotype  diversity 
(Kayser & Sajantila 2001). 
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designed  in conserved MSY regions and exploring of  intronic sequence variation to complex 
multileveled  development  strategies  and  Y‐specific  enriched  microsatellite  libraries.  All 
employed strategies can be divided into two groups: strategies suitable for screening a pool 
of  several  individuals  for  sequence  polymorphisms  (SNPs,  indels  and microsatellites)  and 
strategies exploring Y‐specific material  from one  individual  for microsatellite  repeat motifs 
(Figure 2). 
Conserved exonic Y-sequences 
Although  comprehensive  Y‐sequence  data  are  lacking  in  non‐model  organisms,  exonic 
sequence  data  of MSY  genes  of  an  increasing  number  of  species  can  be  found  in  public 
databases.  This  information  can  be  used  to  design  exonic  PCR  primers  flanking MSY  gene 
introns,  referred  to  as  “Y  chromosome  conserved  anchored  tagged  sequences”  (YCATS, 
Figure  2).  Hellborg  and  Ellegren  (2003)  established  this  approach  for  the  Y  chromosome 
based on the CATS concept (Lyons et al. 1997). YCATS primers are assumed to provide access 
to  intronic  noncoding  DNA, which  can  be  screened  for  genetic  variability.  The  conserved 
nature of  the exonic primers  facilitates  the amplification across a  range of  related  species. 
Based on human‐mouse Y  sequence alignments, Hellborg and Ellegren  (2003) developed a 
YCATS  marker  system  which  has  been  frequently  applied  in  studies  investigating  Y 
chromosome  polymorphism  in  a  wide  range  of  mammalian  species  (Table  1).  A  similar 










from  a  single  individual  for microsatellite  repeat motifs. Different  source materials  are  presented  in  grey  boxes. Bold pathways  indicate  emerging  strategies.  The 
numbers below the boxes refer to studies listed in Table 1 which have applied the particular strategy. Studies not listed in Table 1: i, Hellborg & Ellegren, 2003; ii, Erler 






given  in  Figure  2.  Abbreviations: Dev,  development  of  novel  genetic markers;  STRs, microsatellite  loci;  SNPs,  single  nucleotide  polymorphisms; NSTRs,  number  (no.)  of 
microsatellite loci x/y/z (x= no. of obtained STRs, y= no. of male‐specific and single‐copied amplified STRs, z= no. of polymorphic STRs); NA, total number of alleles across all 
loci;  TSL,  total  sequence  length  [kb]; NPLS,  total  number  of  polymorphic  sites; NIND:  total  number  of  individuals; NHAP,  total  number  of  haplotypes;  ISV,  intra‐species 
variation;  IPV,  intra‐population  variation; RF,  reference number  in  Figure 2;  SRY,  sex determining  region  Y; N/A or  (?), not  available  information; dash  (‐), has not been 
investigated. Note that phylogenetic studies were not considered. 
      STRs  SNPs  Y diversity     
Species  Methodological strategies (Figure 2)  Dev    NSTRs NA   TSL  NPLS     NIND NHAP ISV  IPV    RF   Reference 
Marsupials                                 
Tammar wallaby 
(Macropus eugenii) 
Genomic BAC library  Yes  20/10/4 19    ‐  ‐    22  11  Yes  N/A    1  MacDonald et al. 2006 
Insectivores                                 
Common shrew (Sorex 
araneus) 
Cross‐amplification of STRs  No  1/1/1  14    ‐  ‐    70  N/A  Yes  Yes    2  Lugon‐Moulin & Hausser 2002 
Greater white‐toothed shrew 
(Crocidura russula) 
Genomic BAC library, STR library  Yes  8/1/1  8    ‐  ‐    81  N/A  Yes  N/A    3  Handley & Perrin 2006 
Cross‐amplification of YCATS & SRY  No  ‐  ‐    1.67  10    49  N/A  Yes  N/A    4  Handley et al. 2006a 
Valais shrew (Sorex antinorii)  Cross‐amplification of STRs   No  1/1/1  19    ‐  ‐    113  N/A  Yes  Yes    5  Yannic et al. 2008 





No  37/11/0 ‐    1.21  4    28  4  Yes  Yes    6  Greminger 2007 
Cattle (Bos taurus)  Cross‐amplification of YCATS & SRY  No  ‐  ‐    3.50  0    10  N/A  No  No    7  Hellborg & Ellegren 2004 
Domestic horse (Equus 
caballus) 
Genomic BAC library  Yes  11/5/0  1    ‐  ‐    49  1  No  No    8  Wallner et al. 2004 
Reindeer (Rangifer tarandus)  Cross‐amplification of YCATS & SRY  No  ‐  ‐    0.70  0    20  N/A  No  No    7  Hellborg & Ellegren 2004 
Carnivores                                 
Asian gold cat 
(Pardofelis temmincki) 
Cross‐amplification of YCATS & STRs  No  1/1/0  1    2.17  1    29  2  Yes  N/A    9a   Luo et al. 2007 
                               
                               
  
Table 1 (Continued)                              
      STRs  SNPs  Y diversity     
Species  Methodological strategies (Figure 2)  Dev    NSTRs NA   TSL  NPLS     NIND NHAP ISV  IPV    RF   Reference 
                                 
Asian leopard cat 
(Prinailurus bengalensis) 
Cross‐amplification of YCATS & STRs  No  41/4/2  13    2.17  7    10/83  6**  Yes  N/A    9a  Luo et al. 2007 
Physical isolation of Y chromosomes, STR 
library 
Yes  29/0/‐  ‐    ‐  ‐    ‐  ‐  ‐  ‐    9b  Luo et al. 2007 
Coyote (Canis latrans)  Cross‐amplification of STRs, new Y‐specific 
primer design 
Yes  4/4/4  22    ‐  ‐    70  26  Yes  Yes    10  Hailer & Leonard 2008 
Domestic cat (Felis catus)  Genomic STR library  Yes  380/0/‐  ‐    ‐  ‐    ‐  ‐  ‐  ‐    9c  Luo et al. 2007 
  Physical isolation of Y chromosomes, 
cosmid library 
Yes  34/2/0  1    ‐  ‐    10  1  No  No    9d  Luo et al. 2007 
  Genomic BAC library  Yes  18/3/0  1    ‐  ‐    10  1  No  No    9e  Luo et al. 2007 





Yes  ‐  ‐    14.4  14    10  9  Yes  Yes    11  Natanaelsson et al. 2006 
  Y‐specific STRs in focal species  No  1/1/1  8    ‐  ‐    38  N/A  Yes  N/A    12  Vila et al. 
Fishing cat 
(Prionailurus viverrinus) 





Yes    4/4/4  20    ‐  ‐    100  17  Yes  N/A    13  Sundqvist et al. 2001 
  Cross‐amplification of STRs  No    4/4/4  N/A    ‐  ‐    112  4  Yes  No    14  Sundqvist et al. 2006 
  Cross‐amplification STRs  No    4/4/4  N/A    ‐  ‐    202  19  Yes  Yes    15  Musiani et al. 2007 
  Cross‐amplification of YCATS & SRY  No    ‐  ‐    1.60  2    36  N/A  Yes  N/A    7  Hellborg & Ellegren 2004 
Leopard (Panthera pardus)  Cross‐amplification of YCATS & STRs  No    1/1/0  0    2.17  3    75  3  Yes  N/A    9a  Luo et al. 2007 
Lynx (Lynx lynx)  Cross‐amplification of YCATS & SRY  No    ‐  ‐    2.00  0    40  N/A  No  No    7  Hellborg & Ellegren 2004 
Marbled cat 
(Pardofelis marmorata) 
Cross‐amplification of YCATS & STRs  No    1/1/1  2    2.17  4    8  2**  Yes  N/A    9a  Luo et al. 2007 
Red Wolf (Canis rufus)  Cross‐amplification of STRs, new Y‐specific 
primer design 
Yes    4/4/3  7    ‐  ‐    5  2  Yes  N/A    10  Hailer & Leonard 2008 
Tiger (Panthera tigris)  Cross‐amplification of YCATS & STRs  No    41/4/1  2    2.17  0    10/55  2  Yes  N/A    9a  Luo et al. 2007 
  Physical isolation of Y chromosomes , STR 
library 




Table 1 (Continued)                              
      STRs  SNPs  Y diversity     
Species  Methodological strategies (Figure 2)  Dev    NSTRs NA   TSL  NPLS     NIND NHAP ISV  IPV    RF   Reference 
Rodents                                 
Field vole (Microtus agrestis)  Cross‐amplification of YCATS & SRY  No    ‐  ‐    3.20  4    18  N/A  Yes  N/A    7  Hellborg & Ellegren 2004 
Snow vole (Chionomys nivalis)  New Y‐specific primer design  Yes    1/1/1  5    12.4  34    8  9  Yes  Yes    16  Wandeler & Camenisch in 
prep. 
                                 
Primates                                 
Bonobo (Pan paniscus)  Cross‐amplification of STS, new Y‐specific 
primer design 
No    ‐  ‐    2.78  4    7  3  Yes  N/A    17  Stone et al. 2002 
  Cross‐amplification of STRs  No    31/?/10  36    ‐  ‐    34  13  Yes  Yes    18  Eriksson et al. 2006 
Chimpanzee (Pan troglodytes)  Data base mining, new Y‐specific primer 
design, Y‐intron sequencing 
Yes    ‐  ‐    7.95  23    61  21  Yes  N/A    19  Andres et al. 2008 
  Cross‐amplification of STSs, new Y‐specific 
primer design 
No    ‐  ‐    2.78  19    101  10  Yes  N/A    17  Stone et al. 2002 
Gorilla (Gorilla gorilla gorilla)  Cross‐amplification of STRs  No    16/?/6  31    ‐  ‐    57  34  Yes  Yes    20  Douadi et al. 2007a 
Hamadryas baboon 
(Papio hamadryas) 
Cross‐amplification of YCATS & STRs  No    7/4/2  4    3.60  0    97  1  Yes  Yes    21  Handley et al. 2006b 
Japanese macaque 
(Macaca fuscata) 
Cross‐amplification of STRs  No    3/3/3  N/A    ‐  ‐    42  13  Yes  Yes    22  Kawamoto et al. 2008b 
Long‐tailed Macaque  
(Macaca fascicularis) 
Cross‐amplification of STRs   No    3/3/0  1    ‐  ‐    38  1  No  No    23  Kawamoto et al. 2008a 
Moor macaque  
(Macaca maura) 
Cross‐amplification of STRs  No    1/1/1  7    ‐  ‐    14  7  Yes   Yes    24  Evans et al. 2001 
Tonkean Macaque 
(Macaca tonkeana) 
Cross‐amplification of STRs  No    1/1/1  9    ‐  ‐    20  9  Yes  Yes    24  Evans et al. 2001 
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Cross-species amplification 
Currently,  the most  straightforward  strategy  for  obtaining  Y‐chromosomal  data  is  to  take 
advantage  of  Y‐sequence  information  available  from  a  closely  related  species.  In  this 
approach,  PCR  primers  developed  for  one  species  will  be  used  in  an  species  of  interest 
(Figure 2). To date,  this approach has been used  in  the majority of  studies  investigating Y‐
specific polymorphisms (Table 1). Researchers working on primates and especially great apes 
have mostly benefited  from  this strategy, as  the human genome project has  facilitated  the 
identification  of  a  large  number  of  Y‐chromosomal  microsatellite  markers  (Kayser  et  al. 
2004). These markers have been  tested  for cross‐species amplification  in a broad  range of 
primates (Erler et al. 2004) and applied in studies of bonobos (Pan paniscus, Stone et al. 2002; 
Eriksson et al. 2006), gorillas (Gorilla gorilla, Douadi et al. 2007a), hamadryas baboons (Papio 
hamadryas,  Hammond  et  al.  2006)  and macaques  (Macaca  fascicularis,  Kawamoto  et  al. 
2008a) among others. Similarly, polymorphic microsatellites described  in  the domestic dog 




amplification  success  is  inversely  related  to  the evolutionary distance between  the  species 
from which the  loci have been  isolated and the species to which the  loci are being applied, 
due  to  the  accumulation  of mutations  in  the  primer‐binding  sites  (Primmer  et  al.  1996). 
These mismatches in the primer binding sites decrease the overall PCR efficiency and as such 
cause  the  frequently  observed  problem  of  unspecific  binding.  This  problem  is  further 
exacerbated  by  the  highly  repetitive  structure  of  the  Y  chromosome  and  its  sequence 
homologies  to  the X  (Figure 1). Obviously,  this observation holds  to a  lesser extent  for  the 
amplification  of  the  more  conserved  exonic  YCATS  primers  in  comparison  to  cross‐
amplification  of microsatellites  (Hellborg &  Ellegren  2003).  Importantly,  these  effects  are 
enhanced  using  Y‐chromosomal  markers  compared  to  autosomal  loci  due  to  the  faster 
evolution  of  the  Y  chromosome  (Erler  et  al.  2004).  In  addition,  overall  microsatellite 
polymorphism decreases with the phylogenetic distance to the source species (Primmer et al. 
1996). Nonetheless, efficient Y‐haplotyping by PCR of cross‐species identified microsatellites 
can be  achieved by  re‐designing  species  specific primers within  the  flanking  region of  the 
microsatellite. 
Physical isolation of Y chromosomes 
Most  researchers working on non‐model species  face  the problem of no or very  limited Y‐
sequence  information. The difficulty therefore  is how to obtain and  identify Y‐chromosomal 
material  for  subsequent genetic marker development. One  known  strategy  is  to physically 
isolate the entire Y chromosomes or parts thereof from the focal species, using cytogenetic 
methods  such  as  fluorescence‐activated  cell‐sorting  (FACS,  Ferguson‐Smith,  1995)  or 




of  interest  is  sorted  according  to  its  characteristic  dye  content  using  a  flow  cytometer 
(Bergstrom et al. 1998). Alternatively to FACS, Y chromosomes can be physically  isolated by 
microdissection,  i.e.  by  scraping  stained  chromosomes  from metaphase  spreads  under  an 
inverted microscope  (Pienkowska‐Schelling  et  al.  2005). While  successful  cell  sorting  can 
provide several hundred copies of the chromosome, the number of chromosomes retrieved 
by microdissection  is  limited.  As  a  consequence, microdissection  and  any molecular work 
carried out thereafter require laboratory standards similar to working with highly diluted and 




of  the Y chromosome  is often difficult due  to  its dynamic evolution  (Figure 1, Kirsch  et  al. 
2008).  
To  our  knowledge,  only  one  study  so  far  has  reported  a  cytogenetic  strategy  for  the 
development  of  Y‐specific  markers  (Luo  et  al.  2007).  Here,  fluorescence‐activated  Y 
chromosomes  from  fibroblast  cell  cultures of  the domestic  cat  (Felis  catus) were  isolated. 
Two  different  approaches  were  then  applied  to  clone  microsatellite  markers.  First, 
microsatellites were discovered  through partial  sequencing of  a  cosmid  library established 
from  the  flow‐sorted  chromosomes.  Second,  the  flow‐sorted  DNA was  amplified  through 









reasons  for  this  sobering  result  could  be multifaceted,  but most  likely  lie  in  the  unique 
architecture  of  the  Y  chromosome  itself  and  the  technical  complexity  of  the  isolation 
procedures.  The  palindromic  structure  plus  the  presence  of  autosomal  sequence 
transpositions, as well as a  relatively  small proportion of  the  chromosome  consisting of X‐
degenerated regions will lead to two major problems. Firstly, most discovered microsatellites 
will  be  present  in multiple  copies,  leading  to  problems  in  designing  locus‐specific  primer 
pairs. Secondly, most loci will not amplify male‐specific. In both the microdissection and FACS 
approaches,  Y  chromosomes  are  often  difficult  to  distinguish  from  X  chromosomes  and 
similarly  sized  autosomes.  As  a  consequence,  autosomal  contamination  of  the  physically 
isolated material can be expected and as such will decrease the likelihood of discovering male 
specific  markers  substantially.  Moreover,  the  often  required  initial  amplification  of  the 





An  alternative  approach  to  the  physical  isolation  of  Y  chromosomes  is  to  develop male‐
specific  markers  from  total  genomic  DNA  (Figure  2).  An  increasing  number  of  genomic 
bacterial artificial chromosomes (BAC)  libraries for different mammalian species are publicly 





2006).  Male‐specific  markers  can  subsequently  be  discovered  by  subcloning  or  shotgun 
sequencing of  the  selected  clones  (Wallner  et  al. 2004; MacDonald  et  al. 2006;  Luo  et  al. 
2007) or by constructing a Y‐specific microsatellite‐enriched  library (Handley & Perrin 2006; 
Luo et al. 2007).  
Nonetheless,  this  strategy  proved  to  be  only moderately  successful  in  discovering male‐
specific microsatellites  in different mammalian species. Although a number of microsatellite 
loci  could  be  identified,  only  few  appeared  to  be male‐specific  and  even  fewer were  also 
polymorphic (Table 1). A potential reason for this might be that the BAC clones selected for 
the  discovery  of  microsatellite  motifs  contained  other  sequences  than  from  the  X‐
degenerated  regions.  In  addition,  the  length  of  the  Y‐specific  BAC  insert  used  for  the 
construction  of  a  microsatellite‐enriched  library  might  be  a  limiting  factor.  In  order  to 
maximize  the  amount  of  Y‐specific  template  sequences,  it  is  recommended  to  screen  the 
genomic BAC  library with amplicons of  several  single‐copied MSY‐specific genes  located  in 
the X‐degenerated regions (Handley & Perrin 2006, Table 2). The use of DOP‐PCR products as 
probes should be avoided as these hybridize randomly to Y chromosome sequences. 
Finally an alternative  strategy  for  the  identification of Y‐linked markers  from  total genomic 
DNA  could  be  the  screening  of  genomic  microsatellite‐enriched  libraries.  However,  the 

















  SMCY  DBY  UTY  EIF1AY    SMCY  DBY  UTY  EIF1AY    SMCY  DBY  UTY  EIF1AY  UBE1Y* 
Total gene length [kb]  39.52  16.37  232.28  17.43    38.20  13.28  159.41  16.72    46.02  24.99  148.59  15.59  25.51 
Number of target introns§  17  13  17  6    13  12  11  6    13  11  19  6  14 
Number of microsatellites†  0  0  11  1    0  0  4  1    12  3  19  2  1 
Number of YCATS¶  9  13  3  0    8  9  2  0    11  9  3  0  3 
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sequence  information.  However,  for  most  mammals  this  is  currently  not  applicable  and 
previous knowledge of the Y chromosome is missing. 
Given the expected general  interest of evolutionary biologists  in disentangling paternal and 
maternal  genetic  lineages,  the  currently  published  work  dealing  with  developing  and 
employing  Y‐specific markers  likely  represents  only  a  small  portion  of  studies which  have 




2.4 Emerging methods 
Current  advances  in  molecular  methods  including  next‐generation  sequencing  (NGS)  will 
enhance the discovery of Y‐specific genetic markers. NGS refers to a group of alternative DNA 
sequencing  technologies  that  are  to  the  classical  Sanger  sequencing,  and  can  generate 
hundreds of thousands of sequence reads at one time ‐ thus increasing sequence capacity at 
an  unprecedented  rate  (Hudson  2008;  Shendure  &  Ji  2008).  In  this  section, we  describe 









sequence  data  from  physically  isolated  material  and  libraries  for  microsatellites  repeat 
motifs.  
Beyond YCATS 
Compared  to  the  traditional  YCATS  approach  (Hellborg &  Ellegren  2003),  longer  stretches 




amplicons  from different  individuals  is  increased by obtaining  longer sequence  information. 
Additionally, intronic sequences may also contain polymorphic microsatellites (Luo et al. 2007; 
Wandeler & Camenisch  in prep.).  In Table 2, we present a  list of  single‐copied MSY‐linked 
genes  as  potential  targets  for  this  strategy.  Publicly  available  Y  chromosome  reference 
sequences of MSY‐linked genes  from mouse, chimpanzee and human are used  to estimate 
the proximate  location of exonic and  intronic sequences  for one or several  long‐range PCR 
assays.  Initial  re‐sequencing  of  short  fragments  of  the  selected  gene‐regions  provides  the 
necessary  sequence  information  to  design  species‐  and  Y‐specific  long‐range  PCR  primers. 
Detailed sequence information is important for primer design, as in contrast to conventional 
PCR,  long‐range  PCR  requires  perfectly matching  primers.  Re‐sequencing  can  be  done  by 
applying newly‐designed exonic primers or  known  conserved YCATS primers. Finally, male‐
specificity of  long‐range amplicons  is verified and a  few selected  individuals are sequenced 
using Sanger sequencing. Alternatively, more amplicons  from a  large number of  individuals 
can  be  pooled  and  sequenced  simultaneously  or  sequenced  using  a  parallel  tagged 
sequencing approach on a NGS platform (Meyer et al., 2008). 















exceeds  2  kb,  although  it  should  be  possible  to  achieve  considerably  longer  amplicons  by 





Genomic Y sequence data 
In species with no or very limited Y‐sequence information, genomic Y data can be obtained by 
combining current methodological strategies with NGS technologies  (Figure 2). The obvious 
advantage  of  these  new  technologies  is  the  enormous  increase  in  sequence  output with 
lower costs and  technical efforts. The  sequencing of Y‐chromosomal BAC or cosmid clones 
will be especially  facilitated by high‐throughput NGS. Moreover, even the whole Y could be 
decoded  by  de  novo  sequencing  of  a  pool  of  hundreds  of  flow‐sorted  Y  chromosomes, 
although  it might not be possible  to align  the nucleotide  reads  to a single contig sequence 
given the highly repetitive structure of the Y chromosome (Skaletsky et al. 2003b). However, 
for the purpose of identifying microsatellite motifs this would be irrelevant provided that the 
selected NGS  platform  has  the  sufficient  read  length. Despite  the  high  potential  of  these 
strategies  for  generating  large  amounts  of  Y  sequence  data,  one main  challenge  remains. 
Although  the  obtained  sequences  are  Y‐chromosome  derived, male‐specificity  and  single‐
copy status of all sequences has to be verified before they are useful. This is labour‐intensive 
as for example all microsatellite repeat motifs have to be tested for these criteria individually. 
Considering  the  architecture  of  the  Y  chromosome,  the  proportion  of  sequences  fulfilling 
these  criteria  could  be  rather  small. Nevertheless,  these  strategies  represent  a  promising 
alternative  to  obtain  Y‐chromosomal  data  especially  in  species  lacking  any  Y‐sequence 
information so far. 
2.5 Conclusions 
Genetically tracing paternal  lineages  is hindered  in most non‐model species by the  lack of Y 
chromosome markers despite the employment of a wide range of different methodological 
strategies. In the near future, the quest for Y‐linked markers will benefit from a combination 
of  recent  technical  advances  such  as  NGS with  current methods.  For  instance,  longer  Y‐
specific  DNA  sequence  data  by  NGS  can  be  obtained  from  long‐range  PCR  products  of 
intronic MSY genes, directional Y chromosome walking or from BAC libraries. Moreover, the 
amount of  exonic  and  intronic  Y  sequence  information  as well  as our  knowledge of  the  Y 
chromosome architecture of different mammals will  increase  in the near future considering 
the growing number of genomes being sequenced. 
Despite  the  promising  potential  of  the  presented  current  and  emerging  methodological 
strategies,  there  is  likely no  straightforward  solution  in obtaining Y‐linked genetic markers. 
The  distinct  architecture  of  the  Y  chromosome with  its  highly  palindromic  structure,  the 
widespread sequence homologies to the X chromosome and the general low levels of genetic 






sex‐biased  dispersal  patterns  and  independent  demographic  population  histories  of males 
and females in wild animal populations.  
In comparative mythology  (Campell 1949), a quest describes a heroes’  journey  in which “A 
hero ventures  forth  from  the world of common day  into a  region of  supernatural wonder: 
fabulous  forces are  there encountered and a decisive victory  is won:  the hero comes back 
from  this mysterious  adventure with  the power  to bestow boons on his  fellow man.” We 
advise  researchers  with  limited  resources  embarking  on  such  a  quest  for  the  Y  to  form 
collaborations with  laboratories  in which  the  techniques presented  in  this  review  are well 
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High‐throughput  sequencing  has  opened  up  exciting  possibilities  in  population  and 
conservation genetics by enabling the assessment of genetic variation at genome‐wide scales. 
One approach  to reduce genome complexity,  i.e.  investigating only parts of  the genome,  is 
reduced‐representation  library  (RRL)  sequencing.  Like  similar  approaches,  RRL  sequencing 
reduces  ascertainment  bias  due  to  simultaneous  discovery  and  genotyping  of  single‐
nucleotide polymorphisms  (SNPs) and does not require reference genomes. Yet, generating 
such  datasets  remains  challenging  due  to  laboratory  and  bioinformatical  issues.  In  the 
laboratory, current protocols require improvements with regards to sequencing homologous 
fragments to reduce the number of missing genotypes. From the bioinformatical perspective, 
the  reliance of most  studies on a  single  SNP  caller disregards  the possibility  that different 
algorithms may produce disparate SNP datasets. We present an improved RRL (iRRL) protocol 
that maximizes  the  generation  of  homologous  DNA  sequences,  thus  achieving  improved 
genotyping‐by‐sequencing efficiency. Our modifications facilitate generation of single‐sample 
libraries,  enabling  individual  genotype  assignments  instead  of  pooled‐sample  analysis. We 
sequenced  ~1%  of  the  orangutan  genome with  41‐fold median  coverage  in  31 wild‐born 
individuals  from  two  populations.  SNPs  and  genotypes  were  called  using  three  different 
algorithms. We obtained  substantially different SNP datasets depending on  the SNP  caller. 
Genotype validations revealed that the Unified Genotyper of the Genome Analysis Toolkit and 
SAMtools performed significantly better than a caller  from CLC Genomics Workbench  (CLC). 
Of  all  conflicting  genotype  calls,  CLC was  only  correct  in  17%  of  the  cases.  Furthermore, 





obtained  considerably  different  SNP  datasets  depending  on  caller  algorithms,  sequencing 
depths  and  filtering  criteria.  These  differences  affected  scans  for  signatures  of  natural 
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3.2 Introduction 
The  availability of high‐throughput  sequencing   has  revolutionized  the  fields of population 
genetics and molecular ecology  (Seeb  et al. 2011a). Early genomic work  focused mainly on 
broad comparative analyses between species (e.g. Nielsen et al. 2005a; Bakewell et al. 2007; 
Gibbs  et  al.  2007;  Kosiol  et  al.  2008;  Enard  et  al.  2010)  and was  limited  to  one  or  a  few 
individuals per species. The emergent field of population genomics (Hohenlohe et al. 2010), 
including conservation  (Steiner  et al. 2013) and  landscape genomics  (Schoville  et al. 2012), 
investigates  genomic  allele‐frequency  patterns  at  the  species  level,  i.e.  among  and within 
natural  populations. Main  interests  revolve  around  exploring  patterns  of  genetic  diversity, 







because  of  significant  challenges  in  the  laboratory  and  during  bioinformatical  analyses 
(Helyar et al. 2011; Nielsen et al. 2011; Steiner et al. 2013). Sequencing of complete genomes 
of many individuals is usually still prohibitive because of associated costs and bioinformatical 
complexities,  especially  in  species  where  a  reference  genome  is  unavailable.  Yet,  many 
biological questions can be addressed by describing polymorphisms from a subset of genomic 
regions,  provided  that  these  regions  are  approximately  evenly  distributed  throughout  the 
genome.  
In  the  laboratory,  several  strategies  have  recently  been  developed  enabling  so‐called 
‘reduced genome complexity sequencing’, i.e. sampling only a small fraction of the genome in 
several  individuals. These  strategies  include  sequencing of  reduced‐representation  libraries 
(RRLs) (van Tassell et al. 2008), restriction‐site‐associated DNA sequencing (Baird et al. 2008; 
Hohenlohe  et  al.  2010),  and  other  sequence‐based‐genotyping  approaches  (Elshire  et  al. 
2011;  Truong  et  al.  2012).  Essentially,  all  of  these methods  are  based  on  the  same  key 
principle:  reducing  genome  complexity  by  digestion  of  genomic  DNA with  one  or  several 
restriction  enzymes  followed  by  a  selection  of  resulting  restriction  fragments,  and  high‐
throughput sequencing of the final set of fragments.  
One of the key characteristics of the aforementioned methods is that, at least in theory, read 
mapping  can  be  carried  out  regardless  of  the  availability  of  a  reference  genome  by 
constructing  a  reference  sequence  from  overlapping  sequence  stacks  (e.g.  van  Bers  et  al. 
2010; Young et al. 2010; Kerstens et al. 2011; Truong et al. 2012; Senn et al. 2013). Moreover, 
the similarity among sequence stacks of different  individuals allows the direct estimation of 




when markers are  identified  in a small subset of  individuals and subsequently genotyped  in 
an extended sample set (Helyar et al. 2011; Seeb et al. 2011a; Seeb et al. 2011b).  
One popular reduced‐genome complexity approach  is RRL sequencing. RRLs were first used 
to  generate  single‐nucleotide  polymorphisms  (SNP)  maps  of  the  human  genome  using 
classical Sanger sequencing  (Altshuler et al. 2000). Since Van Tassel et al.  (van Tassell et al. 
2008)  first  adapted  the  approach  to high‐throughput  sequencing,  it has been  applied  in  a 
number of SNP discovery studies (e.g. Amaral et al. 2009; Kerstens et al. 2009; Hyten et al. 
2010; van Bers et al. 2010; Kraus et al. 2011). In the RRL approach, the number of restriction 
fragments  subjected  to  high‐throughput  sequencing  is  reduced  via  size‐selection  before 
sequencing  library  preparation.  RRLs  allow  the  degree  of  complexity  reduction  to  be 
customized by defining the selected fragment‐size range. By providing easy access to flanking 
sequences  necessary  to  design  SNP  genotyping  assays  when  a  reference  genome  is 
unavailable, RRLs  are  superior  to other  reduced‐complexity  approaches  (Baird  et  al. 2008; 
Hohenlohe et al. 2010). In the RRL approach, long DNA stretches can be sequenced by simply 
size‐selecting  for  longer  fragments  (up  to  several kb possible) and complete  sequencing of 
these  fragments  independent  of  the  platform  read  length  through  shearing  of  fragments 
prior  to  high‐throughput  sequencing  library  preparation  followed  by  assembly  of  the 
resulting sequence fragments (Kerstens et al. 2009).  
Although the RRL principle  is highly promising for generating population genomic SNP data, 
current protocols must be  improved  so as  to  i)  facilitate  library  construction  for  individual 
samples, and most importantly, ii) maximize the number of homologous fragments generated 
during library construction. In the past, RRL sequencing has usually been performed on pools 




admixture or  linking phenotypes with  genotypes  in  studies of natural  selection,  cannot be 
addressed when  samples  are  pooled.  Furthermore,  pooling  strongly  increases  the  risk  of 
missing rare alleles, especially if there are many individuals in the pool (Cutler & Jensen 2010). 
In  addition,  pooling  is  highly  sensitive  to  variation  in  DNA  concentration  among  samples, 
which will inadvertently lead to an over – or underrepresentation of certain alleles (Cutler & 
Jensen 2010). Thus,  current protocols need  to be  improved  to  facilitate RRL generation of 
individual samples.  
Analyzing individual samples requires improvements to minimize DNA loss during purification 
steps, which  is particularly  important  if sample‐DNA quantity  is  limited. Moreover, genome 
complexity needs  to be  reduced  in a  reproducible manner  (i.e. homologous  sites must be 
sequenced) across samples as this primarily determines the effectiveness of the genotyping‐
by‐sequencing principle  and  reference‐free mapping  (Elshire  et  al. 2011). Non‐overlapping 
sequences will  lead  to  a  high  number  of missing  genotypes.  The  accurate  sequencing  of 
homologous sites is also of particular importance when working with pooled samples, as the 
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true number of sequenced  individuals at a particular SNP site cannot be determined.  In the 
most  extreme  case,  only  alleles  of  one  individual  would  be  sequenced.  In  such  a  case, 



















Toolkit  (Broad  Institute)  (McKenna et al. 2010; DePristo et al. 2011) and SAMtools  (Li et al. 
2009). Both SAMtools and  the Unified Genotyper of the Genome Analysis Toolkit  (hereafter 




prior  information,  such  as previous  observations of  alternative  alleles, heterozygosity,  and 
allele  frequencies.  Ideally, additional  information  such as  representative  reference SNPs or 
linkage‐disequilibrium patterns could be incorporated (DePristo et al. 2011; Le & Durbin 2011; 
Nielsen  et al. 2011). Unfortunately, such  information so  far  limited  to a  few model species 
(e.g. Arabidopsis  (Weigel & Mott  2009))  and  humans  (Altshuler  et  al.  2010a).  It  has  been 









context  are  still  scarce.  To  date, most  studies  employ  only  one  SNP  caller,  although  it  is 





genomics,  addressing  both  laboratory  and  bioinformatic  challenges.  First, we  refined  and 
improved  an  RRL  protocol  (iRRL),  which  maximizes  the  generation  of  homologous  DNA 
fragments  across  individuals,  thus  achieving high  genotyping‐by‐sequencing efficiency. Our 
protocol  also  contains  modifications  for  economical  handling  of  DNA  during  library 
preparation. All modifications support  the establishment of single‐sample  libraries. Second, 
we directly  compared  three popular  SNP  callers  (GATK,  SAMtools  and CLC) using our  iRRL 
data generated for two orangutan populations (Genus: Pongo).  




Project  (Altshuler  et  al.  2010b)),  in  non‐human  great  apes  large‐scale  population  genomic 
data from wild‐born individuals with known population origin are scarce (but see Hvilsom et 
al. 2012; Prado‐Martinez  et  al. 2013). Rather, most  genomic  data were  generated  from  a 
small  number  of  zoo  animals with mostly  unknown  population  origins  (Locke  et  al.  2011; 
Auton et al. 2012; Prufer et al. 2012; Scally et al. 2012), thus providing a limited perspective 
for population genomic analyses of wild populations. Genome‐wide data  in orangutans will 
enable  the  investigation  of  the  genetic  basis  of  local  adaptations  among  orangutan 
populations  (van  Schaik  et  al. 2009b). Moreover, population  genomic data will  shed more 
light on the particularly complex demographic history of orangutans, as shaped by volcanic 
eruptions  and  recurrent  sea  level  changes  connecting  the  islands  of  Borneo  and  Sumatra 
during the Pleistocene (Steiper 2006; Arora et al. 2010; Nater et al. 2011; Nater 2012; Nater 
et al. 2013). 
3.3 Results  
Improved reduced-representation sequencing 
We developed a protocol  to construct  improved RRLs  (referred to as  iRRLs) that maximizes 
efficiency  and  repeatability  of  genome  complexity  reduction.  We  applied  several  key 
modifications to the method outlined in van Tassel et al. (van Tassell et al. 2008) including: (i) 
high‐resolution  fragment‐size‐selection  down  to  an  accuracy  of  one  base  pair  to  increase 
precision of  isolating homologous  fragments  (Figure S2),  (ii) modifications  to minimize DNA 
loss during purification steps, achieving DNA recovery rates of >95%, and (iii) adjustments to 
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establish  single‐sample  libraries  to  avoid  the  necessity  of  sample  pooling.  In  order  for 
restriction enzymes to generate homologous fragments across samples, our protocol includes 
recommendations  for  suitable  sample  handling  and  DNA  isolation  to  avoid  DNA  strand 
breaking prior to digestion.  







et  al.  2011)  with  several  candidate  blunt‐end  cutters  in  order  to  identify  the  restriction 
enzyme suitable to our project needs (see Methods). In the selected size range of 104‐123 bp, 
a HaeIII digest  yielded 305,574 predicted  fragments with  low  repetitive  sequence  content 
(representing the desired 1.07% of the genome, Figure 2). Our  in‐silico digest demonstrated 
the  importance  of  uniform  fragment  selection.  For  instance,  extending  the  selected  size 
range by as few as 4 bp (e.g. 100‐123 bp) in all individuals would have already resulted in a 25% 










Figure  2.  In‐silico  HaeIII  digest  of  the  orangutan  reference  genome.  Panel  a,  b  and  c  represent 
increasing  levels of details. The x‐ and y axis show the generated  fragment  lengths  in base pairs and 




on  the SOLiD4 platform  (Life Technologies) with paired‐end chemistry. Raw  sequence data 
were submitted to the NCBI Sequence Read Archive [BioProject: PRJNA230877; BioSamples: 
SAMN02439270‐SAMN02439300]. Median  numbers  of  mapped  reads  for  each  individual 
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were 32,345,177  for  the West Alas population and 43,451,986  for  the South Kinabatangan 
population  (Tables  1  and  S2).  The  greater  sequencing  output  for  South  Kinabatangan 
individuals  is  related  to  different  performances  of  our  SOLiD4  runs  that were  beyond  our 
control. We also observed a poor performance of the F5 sequence read direction. We only 
considered high quality base pairs  (bphiqual)  in downstream analyses,  i.e. sites with mapping 
and base quality phred scores of ≥ 30, and a minimal sequence depth of 10x. Applying these 
stringent filters, we retained 10,930,563 bphiqual with 41x median sequence coverage for West 
Alas  individuals  and  18,186,855  bphiqual with  42x median  coverage  for  South  Kinabatangan 
individuals (Table S2).  
To assess  the performance of our  iRRL protocol, we estimated  the  iRRL  target efficiency as 
the percentage of obtained bphiqual sites which were predicted by the in‐silico digest (= target 





























quality  filter  criteria  in  at  least  eight  individuals  per  population  (n  ≥  16  chromosomes), 
allowing accurate allele frequency estimations. Applying all filters we retrieved 57,396 SNPs 
in  the  GATK  dataset,  75,364  SNPs  in  the  CLC  dataset,  and  24,103  SNPs  in  the  SAMtools 
dataset (Table 2).  
Compared to similar studies (e.g. Wiedmann et al. 2008; Kerstens et al. 2009; Sanchez et al. 
2009;  Esteve‐Codina  et  al.  2011),  median  sequence  coverage  at  SNP  sites  across  all 
individuals  in  our  datasets  was  extremely  high  (82x  for  GATK,  48x  for  CLC,  and  27x  for 
SAMtools), although coverage counts differed drastically among datasets. This discrepancy in 
coverage  counts  could  be  attributed  to  a  different  treatment  of  quality  scores  in  read 




We observed a  low overlap of SNPs among  the  three datasets,  i.e. SNP  sites present  in at 
least two datasets irrespective of the genotype calls at the individual level (Figure 3). In total, 
18,482  SNPs  overlapped  among  all  three  datasets.  At  only  13%,  the  SAMtools  dataset 
exhibited  the  lowest  percentage  of  private  SNPs  compared  to  the  other  two  algorithms 
(Figure 3). 
 
Figure 3. Overlap of SNPs among  the datasets obtained  from  three different callers. Percentages 




in  a minimum  of  eight  individuals  per  population  (population‐based  filtering).  The  intersect  datasets  contain  exclusively  concordant  genotype  calls  between  the 
designated SNP callers. Pop_SK: South Kinabatangan population, Pop_WA: West Alas population. 
   GATK_v.2.5‐0 CLC_v.5.0.1 SAMtools_v.0.1.19
   Pop_SK Pop_WA Overall Pop_SK  Pop_WA Overall Pop_SK Pop_WA Overall 
No. of SNPs  34257 40248 57396 34788  55585 75364   14494 14903 24103 
No. of private SNPs  17148 23139 40287 19779  40576 60355 9200 9609 18809 
% singletons 7.68 10.83 12.18 11.53  27.47 25.59 14.63 21.66 22.19 
Median site heterozygositya  0.267 0.250 /   0.236  0.200 /   0.266 0.231 / 
Median coverage per individual  93x 70x 82x   66x  29x 48x   66x 19x 27x 
         
  GATK‐CLCintersect    SAMtools‐ GATKintersect    SAMtools‐CLCintersect 
   Pop_SK Pop_WA Overall   Pop_SK  Pop_WA Overall   Pop_SK Pop_WA Overall 
No. of SNPs  21475 24936 37085   11325  12350 18933   9861 11310 17163 
No. of private SNPs   12149 15610 27759   6583  7608 14191   5853 7302 13155 
% singletons  9.91 17.98 12.82   9.99  20.53 19.37   10.54 23.08 21.60 
Median site heterozygositya  0.250 0.222 /   0.286  0.231 /   0.266 0.222 / 










because  less  than  eight  individuals  per  population  had  a  genotype  call meeting  all  high‐
quality  filter criteria  (population‐based  filter). For  the CLC and SAMtools dataset, genotype 
calls  often  failed  the minimum  coverage  requirement  of  10  reads.  For  the GATK  dataset, 
many genotype calls did not have a sufficiently high genotype quality score.  
For  all  overlapping  SNPs,  we  evaluated  the  concordance  of  genotype  assignments  by 
comparing  for  each  individual  whether  two  callers  produced  identical  genotypes.  The 
percentage of identical genotype calls varied among individuals with median values of 97.51% 
for GATK‐CLC, 98.32% for SAMtools‐GATK, and 97.24% for SAMtools‐CLC (Tables 3 and S3‐5). 
A  quantitative  investigation  of  discordantly  called  genotypes  between  the  callers  revealed 
that the vast majority (> 99.77%) of these genotypes were called heterozygous by one caller 
but homozygous for either of the alleles by the other caller. The relative distribution of these 
heterozygous/homozygous  genotype  calls  appeared  to  be  strongly  biased  (Figure  4).  For 
example, examining discordant genotype calls between GATK and CLC showed that  in most 
cases  (93.02%), GATK assigned a heterozygous genotype while CLC assigned a homozygous 





% same genotype called Pop_WA   96.92 98.46 96.15 
% same genotype called Pop_SK   98.27  98.04  97.45 
% same genotype called overall   97.51  98.32  97.24 
% same genotype called overall (range)  93.59‐98.38  97.08‐99.26  92.46‐97.82 
 
We  also  created  three  intersect  datasets  by  accepting  only  identically  assigned  genotypes 
between pairs of SNP callers  (at the  individual  level prior to the population‐based  filtering). 
This procedure has been  suggested  to  reduce  caller‐specific errors and  increase  specificity 
(e.g. Nielsen  et al. 2011). We retained 37,085 SNPs  for  the GATK‐CLCintersect dataset, 18,933 
SNPs  for  the  SAMtools‐GATKintersect  dataset,  and  17,163  SNPs  for  the  SAMtools‐CLCintersect 
dataset (Table 2).  
 













of  singletons  (Table 2). The highest number of  singletons was obtained  in  the CLC dataset 
(26%)  followed by SAMtools  (22%) and GATK  (12%). Median site heterozygosity was always 
higher for the South Kinabatangan population than for the West Alas population.  
To  investigate  the potential  impact of  the different SNP datasets on biological downstream 
analyses,  we  calculated  three  important  statistics.  (i)  Kernel‐density  distributions  for  site 
heterozygosity  and  (ii) minor  allele  frequency were  not  identical  among  the  SNP  datasets 
(Permutation  test  of  equality,  p<<0.001,  Figure  5).  From  a  qualitative  point  of  view, 
differences in kernel density distributions among all six datasets were especially pronounced 
for  the West Alas population  (Figure 5a,c)  for which median sequence coverage was  lower 
compared to the South Kinabatangan population. Nevertheless, it is striking that we obtained 
these differences despite a  stringent minimal  read cut‐off of 10  reads and 29x  (CLC value) 








used  the  allele‐frequency  differential  (D)  to  measure  population  differentiation.  We 
arbitrarily defined outlier regions as windows with an average population differentiation D > 
0.95 (covered by at  least 2 SNPs). The overlap of outlier windows among datasets was  low. 
Only  3.8%  of  all  detected  outlier  windows  were  identical  among  all  three  single‐caller 
datasets (Figure 6), which improved to 13.5% when intersect datasets were used (Figure S3).  
 
Figure 5. Kernel density distributions of minor‐allele  frequency and  site heterozygosity using  the 
different SNP datasets. For each of the six SNP data sets  (CLC, GATK, SAMtools, GATK‐CLCintersect, 
SAMtools‐GATKintersect, and SAMtools‐CLCintersect) we computed the minor‐allele frequency (MAF) 
for  the  Sumatran  (WA)  and  Bornean  (SK)  individuals  (panels  a  and  b,  respectively),  and  site 
heterozygosity for WA and SK (panels c and d, respectively). 
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To  determine  genotype  accuracy,  we  validated  63  genotypes  from  a  subset  of  58  SNPs 
overlapping among datasets by classical Sanger  sequencing. We picked SNPs with  the only 
requirements  that a minimum of  ten  individuals per population had an assigned genotype 
and that at  least one individual showed a conflicting genotype call between GATK/SAMtools 
and CLC. Because all validated genotypes were identical between GATK and SAMtools, we did 
not  distinguish  between  the  two  for  this  analysis,  but  rather  focused  on  the  difference 
between probabilistic (GATK and SAMtools) and hard‐filtering (CLC) callers.  
Our  results  show  that GATK/SAMtools  clearly  outperformed  CLC, with  a  correct  genotype 
assignment  in  83%  of  the  conflicting  calls  (Table  4).  GATK/SAMtools  calling  accuracy was 
especially high for singletons (92% true in GATK/SAMtools, 8% true in CLC) and for genotypes 
that  were  according  to  GATK/SAMtools  homozygous  for  either  of  the  two  alleles  but 















Category  n  %     n  % 
Discordant callsa 
Singleton site determined by GATK/SAMtools b  8  8  1  12.5  7  87.5 
Singleton site determined by CLCb  4  4  0  0  4  100 
Homozygote with GATK/SAMtools but heterozygote with CLC  23  28  3  10.71  25  89.29 
Heterozygote with GATK/SAMtools but homozygote with CLC  23  23  7  30.43  16  69.57 
Total   58  63  11  17.46  52  82.54 
Concordant callsc  
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Characteristics of SNP callers 
GATK seemed to be conservative in calling singletons and low frequency alleles in our dataset, 
as  it exhibited  the  lowest proportion of  singletons among all SNP datasets. Yet, among all 
datasets, GATK  had  the  highest medium  site  heterozygosity.  It  appears  that GATK  slightly 
overestimates mid‐frequency alleles, because our genotype validations revealed that in 30% 
of  the cases where GATK called a heterozygous and CLC a homozygous genotype, CLC was 
correct.  Thus, our  results  suggest  that with  increasing minor  allele  frequency, GATK  starts 
calling  alternative  alleles  more  aggressively  due  to  the  population  prior  in  multi‐sample 
analysis.    
It appears that CLC generally underestimates heterozygosity. The CLC dataset consisted of an 
excess of  singletons,  suggesting  that CLC  called  sequence errors as a genetic  variants  to a 
greater  extent.  Thus,  the  CLC  dataset  contained  the  lowest  overall  site  heterozygosities 
among  all  datasets.  Detailed  investigation  of  discordantly  called  genotypes  revealed  that 
almost all of these genotypes were homozygous with CLC, but heterozygous with the other 




of overlap with  the other datasets was much higher  than  for  the other datasets. SAMtools 
showed  the  highest  tendency  to  assign  heterozygous  genotypes  in  cases  of  discordantly 
called  genotypes  among  callers.  For  example,  the  few  discordantly  called  genotypes were 
strongly biased in that 84% were heterozygous with SAMtools, but homozygous with GATK.  
3.4 Discussion 
Our  study  provides  a  framework  for  the  generation  of  genome‐wide  SNP  datasets  for 
population genomic  studies,  from  laboratory procedures  to bioinformatics, which  is widely 




(CLC  Genomics Workbench,  GATK  Unified  Genotyper  and  SAMtools).  These  inconsistencies 
among  the  SNP  datasets  led  to  strong  disagreement  in  outliers  detected  in  scans  for 
signatures  of natural  selection.  This  shows  the  potential  impact  on downstream biological 




genotyping‐by‐sequencing,  as  measured  by  target  sequence  efficiency.  Target  sequence 
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efficiency was  high  because we  focused  on  laboratory  procedures  to  obtain  homologous 
sequences across individuals, i.e. reproducible fragment generation and precise size selection. 
To our knowledge, these procedures do not seem to have received sufficient attention in the 
literature, probably because most  studies pooled  individuals  to develop  SNP markers  (e.g. 
Wiedmann  et  al. 2008;  van Bers  et  al. 2010; Kraus  et  al. 2011) without  the direct  aim  of 
estimating allele‐frequencies.  
The importance of uniform fragment selection is well illustrated by our in‐silico digests of the 
orangutan  reference  genome.  An  imprecise  isolation  of  fragments  would  have  led  to  a 
substantial  change  in  the overall  composition of  fragment  libraries across  samples. This  in 
turn would have caused a substantial  increase  in missing genotypes because of significantly 
reduced overlap of homologous  fragments. Thus, accurate size selection and generation of 
uniform  fragments  to achieve high  sequences homology are paramount  in producing high‐
quality RRLs that maximize the amount of biological information. 




more  than 400,000 years ago,  (Locke  et  al. 2011; Nater  et  al. 2011; Nater 2012), Bornean 
orangutans will inevitably exhibit more mutations at restriction sites.  
We also improved previous RRL approaches by minimizing the loss of DNA during purification 
steps,  thus  facilitating  single‐sample  library  construction.  Economical  handling  of  DNA  is 
particularly  relevant when  studying  species  for which  sample  quantity  is  a  limiting  factor, 





obtained  through  conventional methods  using  extractions  from  gels  and/or  silica  columns 
[<80%; QIAquick Spin Handbook Qiagen].  
From  a  bioinformatical  perspective,  we  demonstrate  that  different  SNP  callers  lead  to 
substantially different SNP datasets, in spite of applying rather conservative quality filters. For 




substantially higher  than  that  found  in other  studies,  in which  sequencing depth  is usually 
between 6‐16x with lower cut‐off values than used in this study (e.g. Wiedmann et al. 2008; 
Kerstens et al. 2009; Sanchez et al. 2009; Esteve‐Codina et al. 2011; Kraus et al. 2011).  





















our  dataset,  intersecting  genotype  calls  might  also  introduce  non‐random  biases.  More 
detailed  investigations will be required  to  fully appreciate the consequences of  intersecting 
strategies. 
Among  all  datasets,  the  general  patterns  tend  to  agree with  previous  detailed  studies  on 
orangutan population genetics and demographic history. For instance, the higher number of 
singletons and  low‐frequency alleles we observe  in the Sumatran West Alas population  is  in 






inferences  rely on  the allele‐frequency  spectra  (Nielsen 2005). Thus, biological  conclusions 
drawn  from such analyses may well change depending on which SNP caller has been used. 
This possibility  is  illustrated by the extremely  low overlap of  identified outlier regions  in our 
sliding‐window analyses to detect selective sweeps based on population differentiation.   
Apart from reliable SNP analysis, the accurate characterization of the allele‐frequency spectra 






animals  with  unknown  population  provenance  (if  wild‐born)  or  apply  a  limited  sampling 
schema (e.g. Locke et al. 2011), and thus there are likely inherent sampling biases.  
Second, the discovery of SNPs in a subset of individuals for subsequent genotype calling in an 
extended sample set will  lead  to ascertainment bias  (Helyar  et al. 2011; Seeb  et al. 2011a; 
Seeb et al. 2011b). The degree of ascertainment bias depends on the representativeness of 
the  sampling  scheme of  individuals used  for  the  initial  SNP discovery  (Garvin  et  al. 2010). 
Especially in population and conservation genomics, ascertainment bias is a serious problem 
when  assessing,  for  instance,  genetic  diversity.  Low‐frequency  variants  will  be 
underestimated  and  a  systematic  bias  will  be  introduced  (Helyar  et  al.  2011).  The  key 
strength of reduced genome complexity approaches  is that this  form of ascertainment bias 
can be minimized by the genotyping‐by‐sequencing principle.  
Third,  it  is  biologically  relevant  to  also  capture  rare  alleles, which  is  the  reason why we 





is  part  of  a  growing  suite  of  sequencing methods, which  have  completely  changed  study 
designs and hold great promise for studies of ecology and evolution  in diverse species. The 
strength of reduced‐genome‐complexity RRL methods is that they can be applied to any DNA‐
based  life  form,  opening  up  the  field  of  population  genomics  to  smaller  research  groups 
studying  organisms  for  which  large‐scale  genetic  data  is  not  yet  available.  Until  high‐
throughput sequencing becomes more affordable and bioinformatical advances allow routine 
whole‐genome  re‐sequencing  of  populations, we  expect  that  reduced‐genome‐complexity 




the  first  effort  of  large‐scale  SNP  discovery  and  genotyping  of  orangutans  with  known 
population  provenance.    In  the  field  of  population  genomics,  researchers  need  to  exert 
caution when generating genome‐wide SNP datasets. We show that accurate generation of 
homologues  fragments  in  reduced‐genome‐complexity  sequencing  is paramount, especially 
for  pooled  samples  with  no  control  for  missing  genotypes  in  the  estimation  of  allele 
frequencies. We  present  an  improved  RRL  protocol  (iRRLs), which  allows  sampling  only  a 
fraction of the genome with maximized sequence overlap among  individuals. The scale and 
efficiency achieved with our  iRRL protocol demonstrates  its suitability to generate genome‐
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wide SNP datasets. Our direct comparison of  three popular SNP  callers demonstrated  that 
depending  on  the  calling  algorithm,  sequence  depths  and  filtering  criteria,  substantially 
different  SNP  datasets  are  obtained  that will  affect  downstream  analyses  and  thus might 
have a substantial effect on biological conclusions. When only applying a single SNP caller, we 
advise  to  use  a  probabilistic  algorithm  and  call  genotypes  in  a multi‐sample mode.  In  our 






To  obtain  sufficient  amounts  of  high‐quality  DNA,  we  collected  blood  samples  from 
rehabilitant wild‐born orangutans. We sampled 15 individuals from the West Alas population 
(WA,  Pongo  abelii,  northwestern  Sumatra)  at  the  Batu Mbelin  Quarantine  Center  of  the 
Sumatran  Orangutan  Conservation  Programme,  and  16  individuals  from  the  South 
Kinabatangan population  (SK, Pongo pygmaeus morio, northeastern Borneo) at  the Sepilok 
Orangutan  Rehabilitation  Centre,  Shangri‐La's  Rasa  Ria  Resort  Sanctuary  and  Lok  Kawi 
Wildlife  Park  in  Sabah.  Whole  blood  samples  were  taken  during  routine  veterinary 
examinations  and  stored  in  EDTA  blood  collection  tubes  at  ‐20°C.  The  collection  and 
transport of  samples were  conducted  in  strict  accordance with Malaysian,  Indonesian  and 
international regulations. Samples were exported from Malaysia and Indonesia to Switzerland 
under  the  Convention  on  International  Trade  of  Endangered  Species  in  Fauna  and  Flora 
(CITES)  permit  numbers  4872/2010  (Sabah,  Malaysia)  and  06968/IV/SATS‐LN/2005 
(Indonesia), respectively. Detailed information on the sampled individuals is provided in Table 
S1. We verified  the  individual’s population origin by genetic assignment  tests and Bayesian 
clustering algorithms as described in the Supplementary Information.  
To minimize DNA shearing, we avoided repeated thawing and freezing of samples and used 
only  wide‐bore  tips  and  avoided  vortexing  during  DNA  extraction.  Genomic  DNA  was 
extracted  using  the  Gentra  Puregene  Kit  (Qiagen)  according  to  the  manufacturer’s 
instructions,  including  RNase  treatment,  but  with  the  following modifications  for  clotted 
blood: we  added  twice  the  amount  of  Cell  Lysis  Solution  as well  as  7  μl  of  Proteinase  K 
(20mg/ml,  Promega)  per  100 mg  blood  clot  to  the  samples,  followed  by  incubation  for  3 
hours  at  55°C  in  a  slowly  revolving  overhead  rotator.  If  the  solution  still  appeared  to  be 
viscous after this treatment, we  increased  incubation time and added more Proteinase K as 





DNA Hydration Solution  (Qiagen)  to  facilitate DNA concentration using a SpeedVac vacuum 
centrifuge (Savant).  
Reduced-representation libraries construction   





low  repetitive element content. We chose HaeIII because  in  the  size  range of 104‐123 bp, 
HaeIII  did  not  produce  obvious  repetitive  elements  based  on  visual  inspection  of  the 
fragment distribution profile (Figure 2), and covered ~1% of the genome. The enzyme HaeIII 
has also been selected in previous studies (van Tassell et al. 2008; Hyten et al. 2010; Jonker et 
al.  2012),  and  thus  might  be  a  good  candidate  enzyme  for  reduced‐genome‐complexity 
sequencing in general.  
In cases where there is no reference genome available, the evaluation for a suitable enzyme 





HaeIII  (50,000 U/ml, New England Biolabs)  in a  total volume of 32  μl. Digests were  run on 
high‐resolution Spreadex EL400 Wide Mini S‐2x13 gels with M3  size marker  in a SEA 2000 
electrophoresis chamber (all Elchrom Scientific, Switzerland) in 1x TAE buffer at 120 Volt for 




between  104  bp  and  123  bp  on  a  UV‐transilluminator  using  a  long‐bladed  sharp  knife, 
keeping UV exposure as short as possible.  
DNA fragments were recovered by electro elution to achieve high DNA recovery rate (>95%). 
For  this, we  prepared  dialysis membranes  (Carl  Roth,  1785.1 Dialysierschlauch  Visking)  of 
approximately 5 cm width, which we sealed on one side with a plastic clip (Carl Roth, H277.1 
Verschlussklammer). We filled each dialysis membrane with 1 ml of 1x TAE buffer and placed 
gel  slices  in  the membrane  in  the  same  running  orientation  as  in  the  electrophoresis  run 
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gently massaged  the packages  to mix  the eluted DNA  in  the buffer. After  this, we carefully 
opened one of the clips to gently pipet out the buffer containing the eluted DNA. The DNA 
was purified using the MinElute PCR Purification Kit (Qiagen). This way, we obtained between 
2 and 20 ng of DNA per sample.  Individual barcoding of  iRRLs and SOLiD sequencing  library 
preparation  was  performed  according  to  the  SOLiD  ChiP‐Seq  protocol  step  11  (Applied 
Biosystems,  2010), which had  been  optimized  for  low  template quantities  (e.g. Agencourt 
AMPure XP beads for purification steps). We restricted library amplification to six PCR cycles 
only,  so  as  to minimize  the  risk  of  over‐amplification.  After  library  quality  control  on  an 
Agilent Bioanalyzer 2000, we normalized samples and sent pooled libraries to the Functional 
Genomics  Center  Zurich,  Switzerland  (FGCZ)  for  sequencing  on  a  SOLiD  4TM  System with 
paired‐end (50/35) chemistry (Life Technologies).  
SNP discovery and genotype calling  
Raw  sequence  reads  were  processed  and  mapped  to  the  orangutan  reference  genome 
ponAbe2  (Locke  et  al. 2011) using  the  SOLiD  LifeScope  v.2.5.1 package  (Life  Technologies) 
according  to  their  guidelines. We  used  Picard  v.1.57  [http://picard.sourceforge]  to merge 
mapping  files  for each  individual  from different SOLiD runs and adjust read group headers. 
We called SNPs using three different programs as described below.   
We  performed  simultaneous  multi‐sample  SNP  and  genotype  calling  with  the  Unified 
Genotyper of the GATK v.2.5‐0 (McKenna et al. 2010; DePristo et al. 2011) with the following 
thresholds: phred‐scaled mapping and base qualities ≥ 30 (‘‐mmq 30 ‐mbq 30’). We filtered 
out  low‐quality  genotypes  (GQ<10)  and  genotypes  covered  by  less  than  10  or more  than 
1000  reads  (‘‐minGQ 10  ‐minDP 10  ‐maxDP 1000’) using VCFtools v.0.1.9  [70]. Sites which 
were homozygous after this filtering were removed. Finally, we disregarded sites with more 




GATK  dataset  and  used  defaults  settings  otherwise  (except  for  deactivating  the  base 
alignment quality  realignment with  the  ‐B  parameter:  ‘samtools mpileup  ‐q  30  ‐Q 30  ‐B’). 
Post‐filtering of SNP and genotype calls was conducted as for the GATK dataset.  




this  study,  we  detected  SNPs  for  each  individual  separately  and  merged  the  SNP  data 
subsequently  using R  scripts.  In  this merged  dataset,  a missing  call  for  an  individual  for  a 
certain  SNP  position  could  arise  either  because  this  individual  is  homozygous  for  the 
reference allele or because  this  site was not  sequenced.  To obtain  this  information  for  all 
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missing  genotypes,  we  used  SAMtools  v.0.1.12a  (Li  et  al.  2009).  We  called  genotypes 
according to common practice, applying fixed cut‐off rules based on read counts (Nielsen et 
al.  2011) with  ad‐hoc  R  scripts.  Sites with  an  alternative  allele  frequency  between  0‐15% 







each  individual  at  all  sites  (without  the  population‐based  filters)  only  retaining  identical 
genotype calls. After merging the individual data, we again excluded sites with more than two 












with  CLC,  (iii)  identical  genotype  call.  We  also  validated  (iv)  singleton  sites  (only  one 
alternative allele called in the entire dataset) that were determined by only one of the callers 
through  Sanger‐sequencing  of  the  individual  that  exhibited  the  singleton.  Additionally,  to 
specifically  investigate  the  genotype  accuracy  of  SNPs  present  in  the  intersect  data  of  all 
three callers, we randomly picked an additional 14 SNPs from this dataset. BEDtools v.2.16.2 
(Quinlan &  Hall  2010) was  used  to  extract  the  DNA  sequences  400  bp  downstream  and 
upstream of the targeted SNPs from the orangutan reference genome ponAbe2. PCR primers 







Reduced genome complexity sequencing 
77 
of our  iRRL protocol by calculating which percentage of  the actually  sequenced bphiqual was 
predicted by our in‐silico digest of ponAbe2 with HaeIII (=target sites). Furthermore, for each 
SNP  and  population  we  calculated  the  observed  site  heterozygosity  as  the  number  of 
individuals  carrying  both  alleles  divided  by  the  total  number  of  called  genotypes  in  this 
population.  Kernel  density  plots  of  the  minor  allele  frequency  and  site  heterozygosity 
distributions were drawn in R with the ‘sm’ package (Bowman & Azzalini 2010). We assessed 
the  significance of equality of  the density estimates among  the different datasets with  the 
‘sm.density.compare’ function with 10,000 permutations. 
In  addition,  we  performed  sliding‐window  analyses  for  each  dataset  to  detect  selective 
sweeps  in  the  genome  based  on  population  differentiation  using  custom  R‐scripts.  For  all 
SNPs  we  estimated  population  differentiation  using  allele‐frequency  differentials,  defined 
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3.6 Supporting Information 







Population genetic assessment of study individuals 






together with genotype data  from 219  individuals  from previous studies  (Nater et al. 2011; 
Arora  et al. 2012; Nater 2012; Nietlisbach  et al. 2012; Nater  et al. 2013)  that  represent all 
major  genetic  clusters on both  islands.  For  each  individual we  estimated  the membership 
coefficient Q (Pritchard et al. 2000) of belonging to a particular cluster (Figure S1). Details on 
the  analysis  and  the  general  observed  population  structure  can  be  found  in Nater  (Nater 
2012).  The  highest  hierarchical  level  clearly  separates  Bornean  and  Sumatran  individuals. 
Analyzing each  island separately, three distinct clusters seem to best describe the structure 
observed  in  the  variation  analyzed on  Sumatra and  five  clusters on Borneo. All  individuals 
from  this  study  show high membership  to  the  South Kinabatangan  and West Alas  cluster, 





DNA Polymerase  (both  Finnzymes). PCR  conditions were  as  follows:  initial denaturation  at 
98°C  for 30 s,  followed by 35 cycles of 98°C  for 5 s, 62°C  for 10 s, 72°C  for 15 s, and  final 
extension at 72°C for 2 min. Direct cycle sequencing was performed with 0.5 μl PCR product 
in a 10 μl reaction volume containing 1x sequencing buffer (400 mM Tris, 10 mM MgCl2, pH 
9.0),  0.4 µM  forward  primer  and  0.3  µl  BigDye  Terminator  v3.1  (Life  Technologies).  Cycle 
sequencing conditions were as follows: initial denaturation at 95°C for 45 s, 30 cycles of 95°C 
for 30 s, 52°C for 20 s, 60°C for 2 min. Samples were sequenced on a 3730 DNA Analyzer (Life 











at  the  highest  hierarchical  level.  (B) Within  Borneo  (n=104)  we  observe  five  clusters  (most  likely 
number  of  clusters  as  inferred  by  Arora  et  al.  (Arora  et  al.  2010)  and  Nater  (Nater  2012)).  Study 
individuals (n=16) were sampled from the South Kinabatangan cluster. CK: Central Kalimantan (n=25), 
WK: West Kalimantan  (n=20), EK: East Kalimantan  (n=17), SK: South Kinabatangan  (n=25), NK: North 
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Figure  S3.  Overlap  of  outlier  regions  among  SNP  datasets  in  genome‐wide  scans  for  positive 
selection. For all SNP datasets we performed sliding‐window analyses (100 kb window, 25 kb step size) 
of  the  absolute  allele‐frequency  differential  (D)  between  the  South  Kinabatangan  and  West  Alas 
population. All windows with an average window D > 0.95 were considered as outliers,  i.e. candidate 




Individual  Population  Species Region Sex Sample Type Sampling Date
WA_1  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  21.11.2005 
WA_2  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  21.11.2006 
WA_3  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  21.11.2007 
WA_4  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  24.12.2005 
WA_5  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  12.11.2005 
WA_6  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  24.12.2005 
WA_7  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  08.10.2005 
WA_8  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  08.10.2006 
WA_9  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  06.05.2006 
WA_10  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  24.12.2005 
WA_11  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  06.09.2006 
WA_12  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  04.02.2006 
WA_13  West‐Alas  Pongo abelii  Northwest Sumatra  M  Whole Blood  06.05.2006 
WA_14  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  12.11.2005 
WA_15  West‐Alas  Pongo abelii  Northwest Sumatra  F  Whole Blood  04.02.2006 
SK_1  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  F  Whole Blood  04.02.2010 
SK_2  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  F  Whole Blood  04.02.2010 
SK_3  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  05.02.2010 
SK_4  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  05.02.2010 
SK_5  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  06.02.2010 
SK_6  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  06.02.2010 
SK_7  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  06.02.2010 
SK_8  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  06.02.2010 
SK_9  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  06.02.2010 
SK_10  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  F  Whole Blood  06.02.2010 
SK_11  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  08.02.2010 
SK_12  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  08.02.2010 
SK_13  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  08.02.2010 
SK_14  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  M  Whole Blood  16.02.2010 
SK_15  South Kinabatangan  Pongo pygmaeus morio  Northeast Borneo  F  Whole Blood  16.02.2010 




































WA_1  WA  49,292,298  37,470,056  3,615,166  41,085,222  76.0  7.3  12,673,892  12,357,484  98  70  41 
WA_2  WA  37,174,228  28,664,287  2,370,716  31,035,003  77.1  6.4  8,948,586  8,657,259  97  69  42 
WA_3  WA  46,917,923  35,953,417  3,773,266  39,726,683  76.6  8.0  10,930,563  10,545,929  96  72  42 
WA_4  WA  33,299,284  24,009,171  1,914,332  25,923,503  72.1  5.7  6,346,072  6,179,537  97  69  43 
WA_5  WA  39,263,916  29,391,148  2,954,029  32,345,177  74.9  7.5  10,845,558  10,560,344  97  72  42 
WA_6  WA  46,105,067  34,168,912  3,607,637  37,776,549  74.1  7.8  11,628,279  11,185,593  96  71  41 
WA_7  WA  32,229,848  24,045,574  2,001,818  26,047,392  74.6  6.2  11,628,279  11,185,593  96  71  41 
WA_8  WA  31,665,241  23,601,524  2,562,180  26,163,704  74.5  8.1  8,769,047  8,570,985  98  75  43 
WA_9  WA  92,913,519  42,386,737  3,667,274  46,054,011  45.6  3.9  12,854,122  11,192,488  87  56  41 
WA_10  WA  34,009,597  25,857,283  2,274,126  28,131,409  76.0  6.7  8,169,085  7,959,777  97  71  43 
WA_11  WA  20,362,438  15,793,068  1,361,670  17,154,738  77.6  6.7  8,008,214  7,804,744  97  69  43 
WA_12  WA  73,041,931  56,023,657  5,360,192  61,383,849  76.7  7.3  13,747,885  13,271,073  97  70  41 
WA_13  WA  58,385,777  43,242,808  3,897,908  47,140,716  74.1  6.7  13,146,186  12,761,927  97  70  41 
WA_14  WA  49,821,551  38,891,523  3,909,350  42,800,873  78.1  7.8  12,491,163  12,127,905  97  71  41 
WA_15  WA  30,813,183  22,984,433  2,328,673  25,313,106  74.6  7.6  8,187,784  8,005,757  98  74  43 
Total  WA  675,295,801  482,483,598  45,598,337  528,081,935  /  /  /  /  /  /  / 
Mean  WA  45,019,720  32,165,573  3,039,889  35,205,462  73.5  6.9  12,407,006  10,157,760  96  70  42 
Median  WA  39,263,916  29,391,148  2,954,029  32,345,177  74.9  7.3  10,930,563  10,560,344  97  71  42 
SK_1  SK  53,203,171  33,946,147  8,667,237  42,613,384  63.8  16.3  19,172,077  17,342,891  90  50  41 
SK_2  SK  44,278,780  16,014,503  4,075,314  20,089,817  36.2  9.2  13,637,944  6,422,988  47  47  40 
SK_3  SK  51,299,839  35,269,730  9,020,858  44,290,588  68.8  17.6  17,935,765  16,158,644  90  51  41 
SK_4  SK  34,618,999  28,060,571  7,533,288  35,593,859  81.1  21.8  14,668,357  13,496,898  92  53  41 
SK_5  SK  55,926,738  40,069,230  10,302,123  50,371,353  71.6  18.4  18,070,791  16,863,737  93  51  41 
SK_6  SK  47,321,982  28,061,965  7,041,823  35,103,788  59.3  14.9  19,106,920  16,085,693  84  50  41 
SK_7  SK  47,155,939  35,209,706  9,395,908  44,605,614  74.7  19.9  17,643,456  14,945,703  85  52  41 
SK_8  SK  48,113,617  29,306,604  7,639,421  36,946,025  60.9  15.9  19,644,644  16,560,683  84  50  41 
SK_9  SK  49,472,477  40,449,154  10,599,426  51,048,580  81.8  21.4  18,523,921  17,287,993  93  50  41 




































SK_11  SK  55,678,462  36,679,163  9,408,008  46,087,171  65.9  16.9  18,021,511  13,289,969  74  48  40 
SK_12  SK  51,018,856  36,594,500  23,157,125  59,751,625  71.7  45.4  20,047,467  12,174,784  61  49  40 
SK_13  SK  30,373,598  9,980,894  2,528,617  12,509,511  32.9  8.3  8,593,406  3,816,017  44  50  40 
SK_14  SK  44,086,074  24,160,878  6,334,668  30,495,546  54.8  14.4  18,302,919  15,975,745  87  50  41 
SK_15  SK  50,425,043  32,272,868  8,373,266  40,646,134  64.0  16.6  18,364,849  15,663,597  85  51  41 
SK_16  SK  47,164,781  35,798,036  9,403,785  45,201,821  75.9  19.9  17,593,190  15,949,358  91  51  41 
Total  SK  762,234,081  502,733,003  144,189,201  646,922,204  /  /  /  /  /  /  / 
Mean  SK  47,639,630  31,420,813  9,011,825  40,432,638  65.1  18.6  22,396,785  14,364,382  81  50  41 
















WA_1  WA  61488  97.14  2.86 
WA_2  WA  33974  96.84  3.16 
WA_3  WA  55734  96.84  3.16 
WA_4  WA  21382  96.67  3.33 
WA_5  WA  52464  96.92  3.08 
WA_6  WA  58382  96.92  3.08 
WA_7  WA  35303  97.48  2.52 
WA_8  WA  39744  97.08  2.92 
WA_9  WA  56767  93.59  6.41 
WA_10  WA  31812  96.94  3.06 
WA_11  WA  26593  96.67  3.33 
WA_12  WA  76242  96.62  3.38 
WA_13  WA  67988  97.08  2.92 
WA_14  WA  66124  96.84  3.16 
WA_15  WA  33824  97.51  2.49 
Mean  WA  47855  96.74  3.26 
Median  WA  52464  96.92  3.08 
SK_1  SK  119674  98.34  1.66 
SK_2  SK  81939  98.06  1.94 
SK_3  SK  115359  98.38  1.62 
SK_4  SK  92499  98.07  1.93 
SK_5  SK  113192  98.29  1.71 
SK_6  SK  120304  98.29  1.71 
SK_7  SK  108940  98.34  1.66 
SK_8  SK  120448  98.21  1.79 
SK_9  SK  112495  98.24  1.76 
SK_10  SK  116976  98.28  1.72 
SK_11  SK  110325  97.09  2.91 
SK_12  SK  123002  98.34  1.66 
SK_13  SK  59343  97.88  2.12 
SK_14  SK  120543  97.98  2.02 
SK_15  SK  114463  98.38  1.62 
SK_16  SK  110068  98.25  1.75 
Mean  SK  108723  98.15  1.85 
Median  SK  113828  98.27  1.73 
Mean Overall  79271  97.47  2.53 











WA_1  WA  36220  98.32  1.68 
WA_2  WA  16006  98.43  1.57 
WA_3  WA  33342  98.46  1.54 
WA_4  WA  10576  98.08  1.92 
WA_5  WA  28630  98.70  1.30 
WA_6  WA  34987  98.52  1.48 
WA_7  WA  15316  98.70  1.30 
WA_8  WA  19201  98.90  1.10 
WA_9  WA  30852  97.08  2.92 
WA_10  WA  15355  98.51  1.49 
WA_11  WA  7938  99.26  0.74 
WA_12  WA  50728  98.09  1.91 
WA_13  WA  41639  98.34  1.66 
WA_14  WA  40977  98.42  1.58 
WA_15  WA  14530  99.11  0.89 
Mean  WA  26420  98.46  1.54 
Median  WA  28630  98.46  1.54 
SK_1  SK  110335  98.14  1.86 
SK_2  SK  78353  98.70  1.30 
SK_3  SK  107044  98.02  1.98 
SK_4  SK  83367  97.98  2.02 
SK_5  SK  103565  97.87  2.13 
SK_6  SK  111951  98.18  1.82 
SK_7  SK  99917  98.02  1.98 
SK_8  SK  112028  98.32  1.68 
SK_9  SK  102263  97.90  2.10 
SK_10  SK  106678  97.75  2.25 
SK_11  SK  103438  97.46  2.54 
SK_12  SK  117917  98.59  1.41 
SK_13  SK  56338  98.78  1.22 
SK_14  SK  111478  98.06  1.94 
SK_15  SK  106235  98.05  1.95 
SK_16  SK  101067  97.96  2.04 
Mean  SK  100748  98.11  1.89 
Median  SK  104900  98.04  1.96 
Mean Overall  64783  98.28  1.72 
Median Overall  56338  98.32  1.68 










WA_1  WA  37882  96.21  3.79 
WA_2  WA  16683  96.26  3.74 
WA_3  WA  35020  95.61  4.39 
WA_4  WA  11181  95.49  4.51 
WA_5  WA  29655  96.57  3.43 
WA_6  WA  36447  96.13  3.87 
WA_7  WA  15789  97.37  2.63 
WA_8  WA  19888  96.75  3.25 
WA_9  WA  31782  92.46  7.54 
WA_10  WA  16227  96.09  3.91 
WA_11  WA  7976  97.24  2.76 
WA_12  WA  52999  95.25  4.75 
WA_13  WA  43371  96.15  3.85 
WA_14  WA  42776  95.71  4.29 
WA_15  WA  14950  97.61  2.39 
Mean  WA  27508  96.06  3.94 
Median  WA  29655  96.15  3.85 
SK_1  SK  108741  97.45  2.55 
SK_2  SK  73521  97.82  2.18 
SK_3  SK  106153  97.51  2.49 
SK_4  SK  81675  97.32  2.68 
SK_5  SK  102473  97.26  2.74 
SK_6  SK  109460  97.51  2.49 
SK_7  SK  98369  97.37  2.63 
SK_8  SK  108453  97.59  2.41 
SK_9  SK  100769  97.27  2.73 
SK_10  SK  105498  97.20  2.80 
SK_11  SK  98858  96.42  3.58 
SK_12  SK  111969  97.78  2.22 
SK_13  SK  53262  97.82  2.18 
SK_14  SK  108561  97.18  2.82 
SK_15  SK  103734  97.59  2.41 
SK_16  SK  99683  97.44  2.56 
Mean  SK  98199  97.41  2.59 
Median  SK  103104  97.45  2.55 
Mean Overall  63994  96.76  3.24 
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Table S7. Primer  sequences used  for  the  genotype  validations. Bases  in  small  letters  indicate  low 
quality  bases  in  the  orangutan  reference  genome.  Forward  primers  are  indicated  by  '_F',  reverse 
primers by '_R'. 
Primer ID  Primer Sequence (5'‐3')  Primer ID  Primer Sequence (5'‐3') 
chr1_24944851_F  aaacaaactcattgccgaaag  chr9_127539021_F  CCTCGTCATAGGCAAAGGTAAG 
chr1_219461506_F  CAATCCTTGGCCTGATGAA  chr9_124746781_F  CGAAGTGTGAAGCACCaactaa 
chr1_175192409_F  caccacacctggcaatttt  chr9_47115306_F  GATGATGATGTCCTGCTCCA 
chr1_208620414_F  CCAGTGTGTGTGAAGCAAATTC  chr9_134266946_F  GCCGAGAGCAACATGAATGA 
chr1_107518541_F  CTAGGAAAGAGCACATTGGGAAG  chr9_41701746_F  GGCCATGCCAGATGAGG 
chr1_185953605_F  CTGAACCTCCAGCATCCAAC  chr9_23407926_F  TCAGTTCCTCCCCACCATT 
chr1_4242060_F  gactatggaagtcataagaagcgagt  chr9_90401891_F  ttatgatttgtccccgttactctatc 
chr1_112009373_F  GCCACCCAGATGACAGCA  chr9_124605789_F  TTCCAGCAGTCTTGGGTCAG 
chr1_5139357_F  GCTCGAATGCTTGTGTGAGG  chr10_65000478_F  AAACTGTATCTGGGAAAGGATGA 
chr1_226543536_F  GGAAATGGCCTCAAGGAAGTA  chr10_103756133_F  AAGAGGTGAGGGGCAGGT 
chr1_143391350_F  ggcctctcttcttggcttg  chr10_3235539_F  ACAGGATGCTCGCCATCTAT 
chr1_3958934_F  GTCTCTGTAGCTCGGCTTCC  chr10_108961144_F  AGACAAGGGAGGTGTGAAAAC 
chr1_221293555_F  TCTCCTAGCGGCACCTGA  chr10_130576144_F  CATTTGAGTGTAAGGGTGGGTTTA 
chr2a_28293664_F  acctctccatcttcttagggtcagt  chr10_103414836_F  CCAAACCAAACAGCCTTCC 
chr2a_33857975_F  AGGCAGGCATAGGGAATTAG  chr10_133022276_F  ccgcctcggctacctaa 
chr2a_6106081_F  gcagctagggtggtaaacAGAG  chr10_5043197_F  tcccacatcccgagtcc 
chr2a_110169000_F  TGGAGCTATCACAGGACGATG  chr11_130432197_F  aggcatggtgctaggaacttaac 
chr2b_116732260_F  ccaagacagcgagagagagagag  chr11_45914047_F  catgctctgcacctacatttctttt 
chr2b_24768739_F  CTGCGCTTTTAACCTCATACAC  chr11_4072568_F  GGAGCTAGAGAGCCAGAAAGA 
chr2b_64996248_F  GGAGAAGGAAAGAACCCACTTA  chr11_8660875_F  GGGGAATGGCGAAGGTT 
chr2b_133348340_F  GGCCGGTGTTTCGAGAG  chr11_117174368_F  TCCAGGCTCAACTTTGTTCAC 
chr2b_6245962_F  tctggctttaggggatcttgtt  chr12_51604109_F  AACGAGAGAGACCTAATTGGCTAC 
chr2b_101269295_F  TGTTCTGTAAACACCACCTAATTG  chr12_1624763_F  GGCCTCGCGTTTGGTAg 
chr3_4892749_F  ACATGACCTTTAGTGGGCAAAG  chr12_239824_F  TTCCCAGGCCAACCTTTAC 
chr3_79444560_F  ACTTTGCTCTAAAACCATTTGTGTC  chr12_126793776_F  TTCCTGTTGAAGCCCATCTG 
chr3_158213691_F  gattacaggcgtgagcGTTA  chr13_30715519_F  GGTTCTCAGGTTTAGAGGGTGAT 
chr3_8251414_F  GCTGAGGTCATACTTGGTAAAGGAG  chr14_96790956_F  AGAGGGTAAAAGGTAGGGGTGA 
chr3_135779953_F  GGCCCTTTGCCTATTTGTC  chr14_101297454_F  ctccccatatccacccactt 
chr4_82339163_F  GAGGGCAAAGGCTGAACTTG  chr14_106505114_F  GGTGGCATAAAGACCAAAAGGT 
chr5_150282746_F  ATCCAGCATAAAGAACcctctctg  chr14_79127075_F  TTGGGAGTTCACCTACAATGC 
chr5_15192012_F  CAGCAGGCGTTGGACAG  chr15_87539423_F  gccaccacgcctaatttt 
chr5_183803425_F  GAACGTGTACTCAAATCCTCCTCT  chr16_71973781_F  accctccatccctgtttaatttt 
chr5_12085608_F  GAACTAAATGGTGGGTTGAGTGT  chr16_54132375_F  CACAAGGTCAGCCAAGAGC 
chr5_175571985_F  GAGTCCTCGCCCTCCTTAGC  chr16_73068101_F  TGGAAGAAGGGGCGTGT 
chr6_32510526_F  AACTCTGTCCCTGGAATTGAAA  chr17_9583225_F  AATTTGTGGCTGCATGAGG 
chr6_32510526_F  AACTCTGTCCCTGGAATTGAAA  chr17_64992963_F  CCAGACGAGAGACTGAATAAAGAG 
chr6_70010056_F  ACTGATGAACCCTCGTCTGTG  chr17_29515153_F  GAAAACCGTGATATGGCTCAC 
chr6_35351998_F  CATCCCAAAGGGCCAAG  chr17_43041507_F  GTTCTCTGAAGACCGGAACC 
chr6_30843959_F  CCTGGGTCCTCCCTGATAG  chr17_14277696_F  TGTGTTGTGAAGTAAAAGCTGGAA 
chr6_7054385_F  GTTATGACCCAGATACGTGGTG  chr18_19718397_F  GGGAACTCCTCACGGATCTT 
chr6_25321401_F  TCTAAATACCAACACTTAACCCAGA  chr19_2253926_F  ACATGCCCAAAATCACTGG 
chr7_11255797_F  CATGACGTTTGTAAATGCCTCTAGT  chr19_6967639_F  GTCCTTGGTGTCTCTTTGCAG 
chr7_28221055_F  CCTTTCCATCGTGCTGGT  chr20_29197787_F  atagagtttgttgggagaagtgg 
chr7_148478776_F  CTCCAATGAAATCTGCGAAAA  chr20_61451986_F  CATCCCACTGACCCGAAAT 
chr7_33107094_F  gatggggttttgccatgttg  chr20_62514743_F  CCCACCGGGCCTTAGTT 
chr7_32762731_F  TATGTCCCTGTGAAGTGTTAAGAGA  chr20_42404631_F  cctcctgagttcaaacgattctc 
chr7_32727906_F  TTTTGAAGAAGACAGAAGGATGG  chr20_35898880_F  GGATGTAAGCccggatctgt 
chr8_148777043_F  TGCCAAACTGTGCTCCCTAT  chr21_13339641_F  GTAGAAATTGGCCTTTTGGACT 
chr22_18310003_F  CCCCGTTTGGAAGGAGTAGAG  chr22_15595242_F  GGCTTTGACTTCACGCTCAT 




chrX_66733001_F  AGCTGAGAACACATTCCCTGT  chr9_47115306_R  GATGATGATGTCCTGCTCCA 
chrX_119397713_F  cccagttccacctttaacacc  chr9_134266946_R  CCTCCCTACCCCTTTTGG 
chrX_10406492_F  TGTGTTGGCCTGGGTATGAC  chr9_41701746_R  GGCCATGCCAGATGAGG 
chr1_24944851_R  TGGTGTGTGGGCCTAGC  chr9_23407926_R  gctgaagatacagttggcagtctt 
chr1_219461506_R  CAATCCTTGGCCTGATGAA  chr9_90401891_R  AGCCTGGAAACGCCATCTA 
chr1_175192409_R  ccctaataacccctgcctct  chr9_124605789_R  ATGGCTCGTGTGGTTTGG 
chr1_208620414_R  CCAGTGTGTGTGAAGCAAATTC  chr10_65000478_R  AAACTGTATCTGGGAAAGGATGA 
chr1_107518541_R  CAGACTCACCTGCGACCTGT  chr10_103756133_R  TCTCTCGTATTGCCTACAAAATG 
chr1_185953605_R  CTGAACCTCCAGCATCCAAC  chr10_3235539_R  TTGTATTTCAGTGGGTGCTTGT 
chr1_4242060_R  ccatctcttggccttactcaatc  chr10_108961144_R  AGACAAGGGAGGTGTGAAAAC 
chr1_112009373_R  TCACTCCGCAGGCCAGA  chr10_130576144_R  ATGAGACTTGCGGCTTGG 
chr1_5139357_R  GGTGCAGCCCACGTTGT  chr10_103414836_R  CCAAACCAAACAGCCTTCC 
chr1_226543536_R  gcagggacacagtttagcc  chr10_133022276_R  GGTGTCATGTCCCGTGCTAA 
chr1_143391350_R  gcttgtgccatccccatt  chr10_5043197_R  tgcaaaggcacagaggtg 
chr1_3958934_R  GTCTCTGTAGCTCGGCTTCC  chr11_130432197_R  AATCCTGTGCTCCCAGAAGTG 
chr1_221293555_R  TCTCCTAGCGGCACCTGA  chr11_45914047_R  TGTTGCTCTTCTAGGCAGTGTTCT 
chr2a_28293664_R  ggcctaccatagcaaaactcaaa  chr11_4072568_R  GGAGCTAGAGAGCCAGAAAGA 
chr2a_33857975_R  AGGCAGGCATAGGGAATTAG  chr11_8660875_R  GGGGAATGGCGAAGGTT 
chr2a_6106081_R  gcagctagggtggtaaacAGAG  chr11_117174368_R  tggcattacaggcgtgagt 
chr2a_110169000_R  GCTGTCAAGGGGCGAAA  chr12_51604109_R  AACGAGAGAGACCTAATTGGCTAC 
chr2b_116732260_R  caaagtgccataaactgggtagc  chr12_1624763_R  GGCCTCGCGTTTGGTAg 
chr2b_24768739_R  CCAGGCTTCGCTCTTTG  chr12_239824_R  TTCCCAGGCCAACCTTTAC 
chr2b_64996248_R  GGAGAAGGAAAGAACCCACTTA  chr12_126793776_R  TTGGCCTGGAAAATTAGTTGCT 
chr2b_133348340_R  TGACAGTGAGGAAGAAGGGTAAA  chr13_30715519_R  GGTTCTCAGGTTTAGAGGGTGAT 
chr2b_6245962_R  gaggcttgggctgattttct  chr14_96790956_R  CGGATGCCAGAGGAATTG 
chr2b_101269295_R  AAAACATCTGGGGAGGCTATAA  chr14_101297454_R  CCACTCTCAACTTTCATTCTCATTC 
chr3_4892749_R  ACATGACCTTTAGTGGGCAAAG  chr14_106505114_R  GGTGGCATAAAGACCAAAAGGT 
chr3_79444560_R  ACTTTGCTCTAAAACCATTTGTGTC  chr14_79127075_R  TTGGGAGTTCACCTACAATGC 
chr3_158213691_R  gattacaggcgtgagcGTTA  chr15_87539423_R  gccaccacgcctaatttt 
chr3_8251414_R  GGATTTTGCTCGACAGTGCAT  chr16_71973781_R  cattttagacgctggggttacag 
chr3_135779953_R  GGCCCTTTGCCTATTTGTC  chr16_54132375_R  CCTCCCCATAACATTCAGTACAC 
chr4_82339163_R  GAATATGAAGAtgtggtgctggact  chr16_73068101_R  ctggaaagtggagacattagtcc 
chr5_150282746_R  GGTGTCTGCAAAGAAACACGGTA  chr17_9583225_R  AATTTGTGGCTGCATGAGG 
chr5_15192012_R  CAGCAGGCGTTGGACAG  chr17_64992963_R  CCAGACGAGAGACTGAATAAAGAG
chr5_183803425_R  GAACGTGTACTCAAATCCTCCTCT  chr17_29515153_R  GAAAACCGTGATATGGCTCAC 
chr5_12085608_R  GAACTAAATGGTGGGTTGAGTGT  chr17_43041507_R  GTTCTCTGAAGACCGGAACC 
chr5_175571985_R  AAGCAGACGATAAACTGCAATCC  chr17_14277696_R  ttgtgcccatgtaccctagaa 
chr6_32510526_R  AACTCTGTCCCTGGAATTGAAA  chr18_19718397_R  GGGAACTCCTCACGGATCTT 
chr6_32510526_R  TGTCGGAGCCAAGTAGATCA  chr19_2253926_R  ACATGCCCAAAATCACTGG 
chr6_70010056_R  ACTGATGAACCCTCGTCTGTG  chr19_6967639_R  GTCCTTGGTGTCTCTTTGCAG 
chr6_35351998_R  CCCACCAGGGTAGTTATCAATC  chr20_29197787_R  atagagtttgttgggagaagtgg 
chr6_30843959_R  CCTGGGTCCTCCCTGATAG  chr20_61451986_R  GACAGGCAGAGGACAAACG 
chr6_7054385_R  GTTATGACCCAGATACGTGGTG  chr20_62514743_R  CCCACCGGGCCTTAGTT 
chr6_25321401_R  TCTAAATACCAACACTTAACCCAGA  chr20_42404631_R  TGGCCGCTGATCCTCAA 
chr7_11255797_R  GGAAGTAGAACTGGGCAAGAAAG  chr20_35898880_R  CCTCACTCCAACTGGGTCTTT 
chr7_28221055_R  CCTTTCCATCGTGCTGGT  chr21_13339641_R  GTAGAAATTGGCCTTTTGGACT 
chr7_148478776_R  CTCCAATGAAATCTGCGAAAA  chr22_18310003_R  GAGTACCCGCAGGAGGACA 
chr7_33107094_R  cagcattcggtgtctggtga  chr22_31379523_R  CGGTGGAAAGAATGCTCAC 
chr7_32762731_R  TATGTCCCTGTGAAGTGTTAAGAGA  chr22_15595242_R  CCACTCGGTGTTGTTGACAG 
chr7_32727906_R  TTTTGAAGAAGACAGAAGGATGG  chrX_149542552_R  ACAGGCATGGTTCAAGTTCC 
chr8_148777043_R  TGCCAAACTGTGCTCCCTAT  chrX_66733001_R  AGCTGAGAACACATTCCCTGT 
chr9_127539021_R  CCTCGTCATAGGCAAAGGTAAG  chrX_119397713_R  gatttctttggctgtaagtaacgtct 





Orangutan demographic history and 
population structure inferred by genus-
wide whole-genome sequencing 
	
Maja P. Greminger1, Alexander Nater2,1,  Javier Prado‐Martinez3, Benoit Goossens4,5,6,  Ernst 
Verschoor7, Kristin Warren8,  Ian Singleton9,10,  Ivo Gut11, Marta Gut11,  Laurentius N. Ambu6, 
Carel P. van Schaik1, Tomas Marques‐Bonet3,11, and Michael Krützen1 
 























stochastic  variation  from  the  effects  of  selection,  detailed  knowledge  of  a  species' 
demographic history and population structure is required. Orangutans, currently endemic to 
the Sundaland  islands of Borneo  (Pongo pygmaeus) and Sumatra  (Pongo abelii), have  likely 
experienced a complex demographic history. Southeast Asian Sundaland has been drastically 
affected  by  Pleistocene  climatic  oscillations,  sea  level  changes,  and  volcanic  activities. We 
investigated  the  demographic  history  and  population  structure  of  the  genus  Pongo  by 
applying the most comprehensive genomic sampling to date, encompassing whole genomes 
of 36 orangutans  representing  the  entire  extant  geographic distribution of  the  genus. We 
found  that  the  speciation  of  Bornean  and  Sumatran  orangutans  has  been  a  long‐lasting 
gradual  process,  strongly  impacted  by  recurrent  climate  changes.  Following  their  initial 
separation  in  the early Pleistocene, autosomal gene pools  remained  connected  via  regular 
gene  flow  over  the  cyclically  exposed  Sunda  Shelf  during  glacial  periods.  Autosomal  gene 
pools  appear  to  have  started  diverging  ~0.9–1.1 Ma,  indicating  a  substantial  reduction  of 
gene  flow  levels.  Evolutionary  trajectories  of  Bornean  and  Sumatran  orangutans  differed 
drastically  subsequently.  Bornean  orangutans  likely  experienced  several  bottlenecks  and  a 
long‐term population decline, most probably related to climate and thus habitat fluctuations. 
In  contrast,  Sumatran  orangutans  exhibited  a  remarkably  stable  population  history 
throughout the Pleistocene and seem to have been much less affected by climate oscillations, 
likely due  to  the different geology and environmental conditions on Sumatra. We  inferred, 
however,  that  the  population  size  of  Sumatran  orangutans  collapsed  drastically  coinciding 
with  the  Toba  supereruption  ~73  ka.  To  our  knowledge,  this  represents  the  first  genetic 
evidence of a strong regional impact of the supereruption on a large mammal. The autosomal 
genome  data  further  confirmed  pronounced  extant  population  structure  on  both  islands. 
Most strikingly, Batang Toru, the only remaining population south of Lake Toba, was clearly 
distinct from all other Sumatran orangutans, probably caused by the recurrent activity of the 
Toba  volcano. This  finding  is  congruent with previous  results  from mitochondrial DNA and 











standing  goal  of  evolutionary  biology  (e.g.  Hahn  2008).  Such  patterns within  and  among 
species  are  the  result  of  demography,  selection  and  stochasticity.  Estimating  the  relative 
importance of  these different processes  is challenging  (e.g. Nei  et  al. 2010). Under certain 
demographic  events,  such  as  population  subdivision  or  population  size  changes,  random 
genetic  drift  can  lead  to  similar  signals  in  the  genome  as  natural  selection  (Tajima  1989; 
Andolfatto &  Przeworski  2000;  Nielsen  2005;  Teshima  et  al.  2006;  Excoffier  et  al.  2009). 
Therefore,  detailed  knowledge  of  the  demographic  history  and  population  structure  is 





genus  is of high  interest when  reconstructing of  the adaptive evolutionary history of great 
apes. Orangutans, however, have experienced an eventful demographic history with major 
changes  in  their  distribution  during  the  Pleistocene  (von  Koenigswald  1982;  Rijksen  & 
Meijaard 1999; Delgado & van Schaik 2000). They were once widely distributed throughout 
mainland Southeast Asia and most of the Sundaland islands (von Koenigswald 1982; Rijksen & 
Meijaard 1999; Delgado & van Schaik 2000). Their current  range, however,  is  restricted  to 
increasingly  isolated forest patches  in northern Sumatra (P. abelii), while they show a wider 
distribution on Borneo (P. pygmaeus) (Figure 1; Wich et al. 2008).  
The  Sunda  archipelago  has  been  drastically  affected  by  geological  and  environmental 
processes such as tectonic plate movements, Quaternary climatic oscillations, fluctuating sea 
levels,  and  volcanic  eruptions  (Hall  2002;  Bird  et  al.  2005).  Since  the  Sundaland  islands 
attained  their present shape  in  the Early Pleistocene  (Meijaard 2004),  the continental shelf 
was cyclically exposed during glacial periods when sea  levels were  lower (Verstappen 1997; 






global  climate,  terrestrial  ecosystems,  and  prehistoric  human  populations  remain  highly 
controversial (e.g. Haslam & Petraglia 2010; Williams et al. 2010; Williams 2012).   
The evolutionary history of orangutans has been strongly  influenced by the aforementioned 
environmental  factors  (e.g. Delgado &  van Schaik 2000; Warren  et  al. 2001;  Steiper 2006; 
Arora et al. 2010; 2011; Nater et al. 2013; Nater et al. 2015). For example, despite current 





2011;  Prado‐Martinez  et  al.  2013).  This  pattern  has  been  found  for  both  autosomal  and 
mitochondrial sequences. The lower genetic diversity in Bornean orangutans may be linked to 





et al. 2001; Arora  et al. 2010; Nater  et al. 2011; Nater  et al. 2013; Greminger  et al. 2014; 
Nater  et  al.  2015).  The  major  genetic  clusters  of  orangutans—hereafter  referred  to  as 
populations—are separated by barriers such as large rivers or mountain ridges (Figure 1). The 
particularly complex genetic structure of Sumatran orangutans  is highlighted by  the  lack of 
reciprocal monophyly for mitochondrial gene sequences between both currently recognized 
species in the genus Pongo, where the lineage of Batang Toru—the only remaining Sumatran 
population  south  of  the  Toba  caldera—is more  closely  related  to  the  lineage  leading  to 
Bornean orangutans than to other Sumatran orangutans (Nater et al. 2011).  
There  is  strong  incongruence  among  divergence  time  estimates  between  Bornean  and 
Sumatran  orangutans,  probably  due  to  the  different  genetic  marker  systems  that  were 
employed. Inferences from mitochondrial loci ranged from a split 1 to 5 million years ago (Ma) 
(Zhi  et  al.  1996; Warren  et  al.  2001;  Zhang  et  al.  2001;  Steiper  2006; Nater  et  al.  2011). 
Recent analyses of the autosomal genome, however, suggest a much more recent divergence 
~330–600 ka  (Locke  et  al. 2011; Mailund  et  al. 2011; Mailund  et  al. 2012). Using a  few Y‐
linked markers, Nater et  al.  (2011)  found an unexpectedly  recent coalescence  for Bornean 
and Sumatran orangutans of only 168 ka, suggesting recent gene flow between islands. Yet, it 
remains highly controversial to what extent the recurrent land bridges between Borneo and 
Sumatra  during  Pleistocene  glacial  periods  allowed  for migration  of  orangutans  and  other 
rainforest‐dependent  species  between  islands  (Gorog  et  al.  2004;  Harrison  et  al.  2006; 
Kanthaswamy et al. 2006; Steiper 2006; Nater et al. 2011; Nater et al. 2015).  
Although previous genetic studies offered  important  insights  into  the complex evolutionary 
history  and  phylogeography  of  orangutans,  genetic  diversity  present  in  the  autosomal 
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Here, we genetically assigned the previously sequenced orangutans (Locke et al. 2011; Prado‐
Martinez  et  al.  2013)  to  their  natal  populations  based  on  our  detailed  knowledge  of 
orangutan phylogeography and population structure (Chapter 3; Arora et al. 2010; Nater et al. 
2011; Nietlisbach  et al. 2012; Nater  et al. 2013; Greminger  et al. 2014; Nater  et al. 2015), 
which  provides  a  hitherto  unprecedented  opportunity  to  attain  sample  provenance 
retrospectively.  We  also  complemented  previous  sequencing  efforts  by  re‐sequencing 
genomes of eleven wild‐born orangutans to medium–high coverage. In total, our sample set 
comprised genomes of 36 unrelated orangutans, representing the entire current geographic 
range  of  the  genus  Pongo  (Figure  1,  Table  1).  We  used  these  genomes  to  study  the 
geographic  structure  of  autosomal  genetic  diversity  in  orangutans.  Furthermore,  we 











Lake  Toba but north of  the Batang Toru  river),  South Kinabatangan  (SK,  south of  the Kinabatangan 
River), North Kinabatangan  (NK, north of  the Kinabatangan River), East Kalimantan  (EK, north of  the 




4.3 Materials and Methods 





orangutan  genomes  previously  sequenced  by  Prado‐Martinez  et  al.  (2013).  All  individuals 
were wild‐born, except of five orangutans which were first‐generation offspring of wild‐born 
parents of the same species (Supporting Table S1). 
We  identified  the most  likely  natal  area  of  study  individuals  based  on mtDNA  haplotype 
clustering  in  a phylogenetic  tree  together with  samples  of  known  geographic provenance. 
Because of strict female philopatry  in orangutans, mtDNA haplotypes are reliable  indicators 
for the population of origin (Arora et al. 2010; Morrogh‐Bernard et al. 2011; Nater et al. 2011; 
Arora  et  al.  2012;  Nietlisbach  et  al.  2012;  van  Noordwijk  et  al.  2012).  Using  three 
concatenated  mtDNA  genes  (16S  ribosomal  DNA,  Cytochrome  b,  and  NADH‐ubiquinone 
oxidoreductase  chain  3),  we  constructed  a  Bayesian  tree,  including  127  non‐invasively 
sampled  wild  orangutans  from  15  geographic  regions  representing  all  known  extant 
orangutan populations  (Nater  et al. 2011; Nater  et al. 2015). Gene sequences of our study 
individuals  were  extracted  from  their  complete  mitochondrial  genome  sequences  (cf. 
Chapter 5). The phylogenetic  tree was built with BEAST v1.8.0.  (Drummond  et al. 2012) as 
described  in Nater et al. (2011), applying a TN93+I substitution model (Tamura & Nei 1993) 
determined by jModelTest v2.1.4. (Darriba et al. 2012).  
We  were  able  to  assign  all  previously  sequenced  orangutans  (Locke  et  al.  2011;  Prado‐
Martinez  et  al.  2013)  to  their  most  likely  population  of  origin  (Supporting  Table  S1, 
Supporting  Figures  S1–S3).  The  sample  assignment  revealed  incomplete  geographic 
representation of the genus Pongo by previous sequencing studies  (Table 1 and Supporting 




we  sequenced  genomes  of  eleven  wild‐born  orangutans  (Figure  1,  Supporting  Table  S1) 
mainly  from areas others  than  covered before. Detailed provenance  information  for  these 
individuals is provided in Supporting Table S1.  
Whole-genome sequencing 
To  obtain  sufficient  amounts  of  DNA,  we  collected  blood  samples  from  confiscated 
orangutans  at  rehabilitation  centers,  including  the  Sumatran  Orangutan  Conservation 
Program  (SOCP)  in  Medan,  BOS  Wanariset  Orangutan  Reintroduction  Project  in  East 
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Kalimantan,  Semongok  Wildlife  Rehabilitation  Centre  in  Sarawak,  and  Sepilok  Orangutan 
Rehabilitation Centre  in Sabah. Whole blood samples were  taken during  routine veterinary 
examinations  and  stored  in  EDTA  blood  collection  tubes  at  ‐20°C.  The  collection  and 
transport of  samples were  conducted  in  strict  accordance with  Indonesian, Malaysian  and 
international  regulations.  Samples  were  transferred  to  Zurich  under  the  Convention  on 
International  Trade  of  Endangered  Species  in  Fauna  and  Flora  (CITES)  permit  numbers 
4872/2010 (Sabah), and 06968/IV/SATS‐LN/2005 (Indonesia), respectively.  
Genomic DNA was extracted with the Gentra Puregene Kit (Qiagen) using a modified protocol 















Species  Sampling areas  [4.8‐12.2x]  [20.5‐27.4x]  [11.1‐25.3x]  [13.7‐31.1x]  Total 
P. abelii  Langkat (LK)  2  4  0  0  6 
P. abelii  North Aceh (NA)  0  (1)  0  1  1+(1) 
P. abelii  West Alas (WA)  2  0  2  2  6 
P. abelii  Batang Toru (BT)  1  0  0  1  2 
P. pygmaeus  South Kinabatangan (SK)  0  0  0  2  2 
P. pygmaeus  North Kinabatangan (NK)  0  0  0  2  2 
P. pygmaeus  East Kalimantan (EK)  1  0  0  2  3 
P. pygmaeus  Sarawak (SR)  1  1  1+(1)  0  3+(1) 
P. pygmaeus  Central Kalimantan (CK)  3  2+(2)  (1)  0  5+(3) 
P. pygmaeus  West Kalimantan (WK)  0  0  0  1  1 
aunpublished genomes sequenced by Prado‐Martinez et al. (2013) 
Read mapping, SNP and genotype calling  
We  followed  identical  bioinformatical  procedures  for  all  36  study  individuals  using  same 
software versions.  
Read mapping 
Raw  Illumina  sequencing  reads were quality‐checked with FastQC v0.10.1.  (Andrews 2012) 
and mapped  to  the  orangutan  reference  genome  PonAbe2  (Locke  et  al.  2011)  using  the 
Burrows‐Wheeler Aligner  (BWA‐MEM)  v0.7.5  (Li & Durbin  2009)  in  paired‐end mode with 
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default  read  alignment  penalty  scores.  Picard  v1.101  (http://picard.sourceforge.net/)  was 
used  to  add  read  groups,  convert  sequence  alignment/map  (SAM)  files  to  binary 
alignment/map  (BAM)  files, merge BAM  files  for each  individual, and mark optical and PCR 





scaled  probability  of  error)  than  those  emitted  by  the  sequencing  machines  through 
analyzing  the  covariation  among  several  characteristics  of  a  base  (e.g.  position within  the 
read,  sequencing  cycle,  previous  base,  etc.)  and  its  status  of  matching  the  reference 
sequence or not. To account for true sequence variation in the data set, the model requires a 




GATK.  SNPs were  called  separately  for  each  orangutan  species  in multi‐sample mode  (i.e. 
joint analysis of all  individuals per species), creating  two variant call  (VCF)  files.  In addition, 
we produced a third VCF file jointly analyzing all study individuals in order to capture genus‐
wide  low  frequency alleles. We applied  the  following hard quality  filter criteria on all  three 
VCF files:  'QUAL < 50.0 || QD < 2.0 || FS > 60.0 || MQ < 40.0 || HaplotypeScore > 13.0 || 
MappingQualityRankSum  <  ‐12.5  ||  ReadPosRankSum  <  ‐8.0'.  Additionally,  we  applied  a 
custom‐made  perl  script  to  determine mean  and  standard  deviation  of  sequencing  depth 










each  individual  in  the  dataset  genotype  likelihoods  at  any  site  in  the  reference  genome. 
HaplotypeCaller  performs  local  realignment  of  reads  around  potential  variant  sites  and  is 
therefore  expected  to  considerably  improve  SNP  calling  in  difficult‐to‐align  regions  of  the 
genome. The  resulting gVCF  files were  then genotyped  together on a per‐species  level, as 
well as  combined  for all  individuals  in both  species, using  the Genotype GVCFs  tool of  the 
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GATK  to obtain  three VCF  files with candidate SNPs  for P. abelii, P. pygmaeus, and over all 
Pongo samples. 
Step 2: of the produced set of candidate SNPs, we identified high‐confidence SNPs using the 




Our  "true  SNPs"  set  contained  5,600  high‐confidence  SNPs,  which  were  independently 
identified by three different variant callers in a previous reduced‐representation sequencing 
project  (Chapter  3; Greminger  et  al.  2014). We  run  the  Variant  Recalibrator  of  the GATK 
separately  for each of  the  three  raw SNP VCFs  to produce  recalibration  files based on  the 
"true SNPs" and a VQSR training set of SNPs. The VQSR training sets were derived separately 
for each of the three raw SNP VCF files and contained the top 20% SNPs with highest variant 







We used  the produced VQSR  recalibration  files  to  filter  the  three candidate SNP VCFs with 
the  Apply  Recalibration walker  of  the GATK  setting  the  '‐‐truth_sensitivity  _filter_level'  to 
99.8%.  Finally,  we  combined  all  SNPs  of  the  three  VCF  files  passing  this  filter  using  the 








Finally,  we  only  retained  positions  with  high  genome mappability,  i.e.  genomic  positions 
within a uniquely mappable 100‐mers  (up  to 4 mismatches allowed), as  identified with  the 
GEM‐mappability module from the GEM  library build (Derrien et al. 2012). This mappability 
mask excludes genomic regions in the orangutan reference genome that are duplicated and 








all  sites  (variant  and  reference  sites)  had  to  be  covered  by  at  least  eight  individuals  per 
species or genotypes in all individuals at this site were set to ‘N’. SNP and genotype calling at 
genomic  positions  covered  by  fewer  individuals  is  less  accurate,  hence  the  power  to 
discriminate between variant and non‐variant genomic positions  is reduced.  In addition, we 






at variant genomic  sites was extracted  for each  individual  from  the SNP VCF  file described 
above. Heterozygous genotypes were encoded with their respective IUPAC codes. 
Genetic diversity and population structure 
We  identified  patterns  of  population  structure  in  the  autosomal  genome  by  principal 
component  analysis  (PCA)  of  biallelic  SNPs.  Three  separate  analyses were  performed:  one 
within each species and one including all study individuals. For each sample set, we excluded 
all  genotypes  from  the  SNP  VCF  files  that were  covered  by  less  than  five  reads  and  only 
retained SNPs with a genotype call in all individuals after this filter. Furthermore, we removed 
SNPs with more than two alleles and SNPs being monomorphic  it the particular sample set. 
This  restrictive  filtering  left us with 3,006,895 SNPs  for  the analysis of all study  individuals, 
5,838,796  SNPs  for  PCA  within  Bornean  orangutans  and  4,808,077  SNPs  for  PCA  within 
Sumatran orangutans. The  input genotype matrix  files were generated using a custom Perl 
script and PCA performed with the R package 'prcomp'. 
To  further assess genetic diversity present within  the  identified populations, we calculated 
several summary statistics using custom Perl scripts. We measured heterozygosity  for each 

















PCA,  and  data  from  the mitochondrial  genome  showed  that  they  started  to  diverge  only 
recently (Chapter 5).  
Inference of demographic history 
We  inferred  orangutan  population  size  history  with  the  pairwise  sequentially Markovian 
coalescent (PSMC) model (Li & Durbin 2011), which uses single diploid genome sequences to 
reconstruct  population  size  changes  through  time.  The  PSMC  is  implemented  as  a  hidden 
Markov model in which the observation corresponds to the sequence of observed genotypes 
along  the genome.  The hidden  state  is  the  coalescent  time of  the  two  chromosomes at  a 
given  position,  and  transitions  between  hidden  states  represent  ancestral  recombination 
events.  Thus,  the  PSMC  model  allows  estimating  historical  changes  in  Ne  based  on  the 
distribution of  the  time  to  the most  recent common ancestor  (TMRCA)  for alleles within a 
diploid genome.  
We  applied  the PSMC model  to each  sample.  Input  files  for PSMC were  created  from  the 
autosomal  consensus  FASTA  sequences  described  above,  using  the  utility  'fq2psmcfa' 
(provided with  the  PSMC  package). We  run  PSMC with  the  following  parameter  settings, 
which were  found  to be suitable  for great apes and applied  to orangutans previously  (Li & 
Durbin  2011;  Prado‐Martinez  et  al.  2013):  'psmc  ‐N25  ‐t15  ‐r5  ‐p  "4+25*2+4+6"  ‐o 
output.psmc  input.psmcfa'.  The  parameter  '‐N'  defines  the  number  of  iterations,  '‐t'  the 
maximum TMRCA  (in  the 2N0  scale),  '‐r'  the  ratio of  theta over  rho, and  '‐p' describes  the 
temporal  binning  parameters.  In  our  case  there  were  64  atomic  time  intervals  and  28 
(=1+25+1+1)  free  interval  parameters.  We  measured  the  variance  of  Ne  estimates  by 
bootstrapping.  For  each  individual, we  split  its  consensus  sequence  into  50‐Mb  segments 
using the 'splitfa' utility (PSMC package), and randomly sampled with replacement from these 
segments applying the '‐b' option in PSMC for 100 rounds.  










4.4 Results  
Whole-genome sequencing data 
We complemented previous sequencing efforts by sequencing genomes of eleven wild‐born 
orangutans with known provenance, generating on average ~1.1x109 raw Illumina reads per 
individual  (Supporting  Table  S1).  Basic  sequencing  and mapping  statistics  of  all  36  study 
individuals are provided in the Supporting Tables S2 and S3. Mean effective sequence depth 
varied  considerably  among  study  individuals,  ranging  from  4.8x  to  31.1x with  an  average 
depth  of  18.4x  over  all  individuals  (Table  1,  Supporting  Table  S1).  For  the  previously 





coverage  estimates  correspond  to  the  effective  read‐depths  which  are  available  for  SNP 
discovery and genotyping. In total, we discovered 30,640,634 SNPs among all 36 individuals, 
which  represents  the most  comprehensive  catalogue of genetic diversity across  the genus 
Pongo to date.  
Population structure and genetic diversity 
Principal  component  analysis  revealed  strong  geographic  structuring  of  the  autosomal 
genetic diversity in the genus Pongo (Figure 2). As expected, in the analysis of all orangutans 
the first principal component (PC) separated the two orangutan species, explaining 34.2% of 
the  total  variance  (Figure  2a).  Surprisingly,  however,  the  second  PC  isolated  the  two 
orangutans  from  Batang  Toru  from  the  other  Sumatran  populations  north  of  Lake  Toba 
(explaining 3.6% of the total variance).  
Within species,  the  first  two PCs partitioned autosomal genetic diversity  into  three distinct 
clusters  in Sumatran orangutans  (Figure 2b), and  five main clusters  in Bornean orangutans 
(Figure 2c). Notably, the  five captive‐born  individuals clustered autosomally with their natal 
population,  thus  do  not  seem  to  be  within‐species  hybrids.  The  identified  population 
structure  is  in  agreement with  orangutan mtDNA  phylogeography  (Nater  et  al.  2011)  and 




two  sub‐populations  (both  located  on  the  same  side  of  the  Alas  River), which  remained 
connected by considerable male‐driven gene flow after their initial separation.  


























(bp–1)b  θπc  θWd  Ne [θπ]e  Ne [θW]e 
P. abelii  16  16.1  0.0024  0.0026  0.0025  43,366  41,204 
Langkat/North Aceh  8  19.0  0.0025  0.0025  0.0024  41,511  39,944 
West Alas  6  14.0  0.0023  0.0024  0.0024  40,144  39,182 
Batang Toru  2  11.4  0.0022  0.0024  0.0023  39,345  38,986 
P. pygmaeus  20  20.2  0.0017  0.0019  0.0017  31,869  27,501 
Central/West Kalimantan  9  18.3  0.0018  0.0018  0.0016  29,899  26,179 
East Kalimantan  3  22.0  0.0018  0.0017  0.0017  28,778  27,641 
Sarawak  4  17.7  0.0018  0.0018  0.0017  30,211  28,811 









Demographic history  
We  inferred historical changes of autosomal Ne using the PSMC model (Figure 3, Supporting 
Figures  S4–6).  Trajectories  of  the  PSMC  suggest  that  Bornean  and  Sumatran  orangutans 
diverged ~0.9–1.1 Ma  (scaling 0.6 x10‐9 per base pair per year; Figure 3). Subsequently,  the 
two  species  experienced  very  different  demographic  histories.  Bornean  orangutans 
underwent an initial population decline followed by short recovery. Around 300 ka, Ne began 

















1.5x10‐8 per  site per generation. The  y‐axis  shows historical Ne. Note  that  the PSMC model  cannot 
detect Ne  changes more  recent  than  20,000  years  ago  due  to  few  recent  coalescent  events.  Also, 
sudden changes of Ne tend to be smoothed out (Li & Durbin 2011).	  











diverged  ~0.9–1.1 Ma  (scaling 0.6  x10‐9 bp‐1y‐1).  Yet, data  from mtDNA  indicate  that  initial 
separation already might have taken place as early as the beginning of the Pleistocene ~2.0–
2.5 Ma (Chapter 5; Nater et al. 2011). This discrepancy  illustrates that orangutan speciation 
has been a gradual process over  several hundred  thousand  years during which autosomal 
gene pools of Bornean and Sumatran orangutans remained connected via exclusively male‐
mediated gene flow after their initial separation. 
The  inferred autosomal divergence  time may not correspond  to  the  final cessation of gene 
flow between the two  islands, although rates were at  least substantially reduced. However, 
considering  the  strikingly  different  PSMC  profiles  of Bornean  and  Sumatran  orangutans,  it 
seems unlikely that they were connected by gene flow during the last two glacial periods (i.e. 





Demographic history Bornean orangutans 
After  their  divergence,  Bornean  and  Sumatran  orangutans  experienced  very  different 
autosomal demographic histories. The  initial population decline with subsequent expansion 
and  the  strong continuous decline  in  the  late Pleistocene observed  in Bornean orangutans 
are  most  likely  linked  to  the  Quaternary  climatic  oscillations.  Glacial  periods  were 
considerably  drier  and  more  seasonal  than  inter‐glacials,  leading  to  repeated  rainforest 
contractions  and  expansions  (Flenley  1998; Morley  2000;  Bird  et  al.  2005).  It  is  therefore 
conceivable  that  Bornean  orangutans  experienced  a  series  of  population  bottlenecks with 
subsequent  expansions  during  the  Pleistocene which we  cannot    detect  because  sudden 
changes  of Ne  tend  to  be  smoothed  out  in  the  PSMC model  (Li &  Durbin  2011).  Such  a 
scenario  is  supported  by  the  recent  coalescence  of  Bornean  mtDNA  lineages,  providing 




Demographic history Sumatran orangutans and the Toba supereruption 
In  contrast  to  the  initial  population  decline  of  Bornean  orangutans  after  the  autosomal 
species divergence, Ne of Sumatran orangutans  increased  substantially. This  increase could 
be  linked  to  range  expansion  during  the Middle  Pleistocene.  However,  it may  also  partly 
represent an artefact  from  increased population structuring,  for  instance as a consequence 
of  reduced gene  flow among populations after volcanic eruptions or during glacial periods 
when rainforests were contracted to refugia (Gathorne‐Hardy et al. 2002). Because rain‐fall 
rates  during  glacials were  considerably  higher  for most  of  Sumatra  comparted  to Borneo, 
multiple  rainforest  refugia  likely existed along  the Barisan Mountain  range and  in northern 
Sumatra  (Gathorne‐Hardy et al. 2002). The  isolation among  the different  refugia may have 
led to increased population structuring of gene pools in Sumatran orangutans. Although the 
trajectories of Ne are inferred from individual genomes in the PSMC model, the historical Ne 
estimates  reflect  the  size of  the entire meta‐population, as  lineages might migrate among 
subpopulations  before  they  coalesce.  This  also  explains  the  congruence  of Ne  trajectories 
observed for different populations within species in PSMC. According to coalescence theory, 
Ne  of  the  meta‐population  is  larger  than  the  sum  of  Ne  of  all  sub‐populations  since 
coalescence occurs less frequently in structured populations (Hudson 1990). Thus, increasing 
population structuring may lead to an expansion signal in PSMC analysis.   
The  most  striking  observation  of  the  PSMC  analysis  was  the  enormous  abrupt  drop  of 
autosomal Ne of  Sumatran orangutans  around  the  time of  the Toba  supereruption ~73  ka 
(Chesner et al. 1991). The steep increase in Ne before this event might reflect an artefact of 
the PSMC model in consequence of the sudden drastic change in Ne. Because Ne of Bornean 
orangutans was already  very  small at  that  time, we  lack  resolution  to make  inferences on 
consequences of  the Toba  supereruption on Bornean orangutans. Linking changes of Ne  in 
PSMC with specific environmental events is difficult because of uncertainties associated with 
the  applied  substitute  rate  to  scale  results  to  real  time.  Thus, more  detailed  studies  are 
required to confirm our findings.  
To our  knowledge,  the observed drastic population decline of Sumatran orangutans  is  the 
first  direct  evidence  of  a  strong  regional  impact  of  the  Toba  supereruption  on  a  large 
mammal, and  implies  that  the consequences of  the  supereruption on  fauna and  flora may 
have  been  more  severe  than  argued  previously  (Schulz  et  al.  2002;  Gathorne‐Hardy  & 
Harcourt‐Smith  2003;  Petraglia  et  al.  2007; Haslam &  Petraglia  2010). Despite  this  drastic 
impact,  however,  it  is  unlikely  that  habitat was  completely  destroyed  over  large  areas  as 
proposed earlier by others  (Rampino & Ambrose 2000; Williams et al. 2009). Under such a 
scenario, we would not observe a persistence of multiple old maternal lineages in Sumatran 
orangutans  in  close  proximity  to  the  Toba  caldera  as well  as  the  paraphyly  of  Sumatran 
orangutan mtDNA lineages (Chapter 5; Nater et al. 2011). 
Overall, our PSMC  results provide  strong evidence  against  the demographic model of one 
continuously  expanding  panmictic  Sumatran  population with  large  current  Ne  inferred  by 
Demographic history and population structure 
111 
Locke  et  al.  (2011). As  already  reported  by Nater  et  al.  (2015),  this  study  shows  that  the 
misleading  signals of  Locke et  al.  resulted  from  ignoring  the deep  structuring of Sumatran 
populations  and  their  strong  recent  population  decline.  Sampling  bias  and  neglect  of 
population structure provide misleading results of genetic diversity and temporal changes of 
Ne  (Stadler  et  al.  2009;  Chikhi  et  al.  2010;  Peter  et  al.  2010).  A  representative  sampling 
covering  the  entire  range  of  a  species  is  therefore  critical  for  accurate  reconstruction  of 
demographic history (Stadler et al. 2009), in particular if populations are as deeply structured 
as in orangutans.  
Special status of the Batang Toru population and conservation implications 
Using samples  from the entire extant range of orangutans, we  identified three autosomally 
distinct orangutan populations  for P. abelii  in Sumatra and  five  for P. pygmaeus  in Borneo. 
Our most  striking  finding was  the  highly  distinct  separation  of  the  Sumatran  populations 
north of  Lake  Toba  and Batang  Toru,  the only  remnant population  south of  the  extensive 
caldera. This corresponds well with data  from classical autosomal microsatellite makers  for 
which genetic differentiation among Sumatran orangutans was also highest across Lake Toba 
(Nater  et  al. 2013). A particularly deep divergence of orangutans north and  south of  Lake 
Toba has  also been  found  for mtDNA  genes. Nater  et  al.  (2011) observed  the  oldest  split 
(around 3.5 Ma) in the mtDNA phylogeny of the genus Pongo between the lineage leading to 
Batang  Toru  and  all Bornean orangutans,  and  that of  Sumatran populations north of  Lake 
Toba,  rather  than  between  Bornean  and  Sumatran  orangutans.  The  extensive  volcanic 
activity of Mount Toba (Chesner et al. 1991) seems to have led to a long‐lasting separation of 
orangutan gene pools south and north of the Toba caldera. This finding is well in line with the 
fact  that  Lake  Toba  also  represents  a  significant  zoogeographic  boundary  for many  other 
species, including birds (Whitten 2000), Lar and Agile gibbons (Whittaker et al. 2007; Thinh et 
al. 2010), and the Thomas's langurs (Aimi & Bakar 1996).  
Our  finding  that  the  Batang  Toru  population  is  autosomally  highly  distinct  from  all  other 
Sumatran populations and separates as a third cluster after the two recognized species, has 
important ramifications  for conservation and  taxonomy. Due to their dependency on  intact 
rainforest  and  their  exceptionally  slow  life  history,  orangutans  are  severely  affected  by 
ongoing  habitat  destruction  and  fragmentation  as  well  as  illegal  hunting.  Sumatran 
orangutans are listed as critically endangered and Bornean orangutans as endangered (IUCN 




we  strongly propose  to protect  them as a  separate evolutionary  significant unit  (ESU) and 






and  exhibit  deep  population  structure  in  the  autosomal  genome, which  both  need  to  be 
taken into account when studying the adaptive evolution of Pongo and great apes in general. 
The whole‐genome data generated  in  this study will serve as a unique resource  for  further 
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from  three  concatenated mtDNA  genes  and  includes  127  non‐invasively  sampled wild  orangutans 
covering the entire  range of extant orangutans (Nater et al. 2011) as well as the 36 study individuals. 
Color codes of orangutan populations match those of Figure 1. The posterior probability of each clade 
was >97%  (*). Nodes within  the color shaded areas are not annotated due  to space constrains. The 
tree  is rooted with a human and a central chimpanzee sequence (not shown). Sub‐trees for close‐up 
view are provided in Supporting Figures S2 and S3.    





The  sub‐tree was extracted  from  the maximum clade credibility  tree  in Supporting Figure S1. Study 
individuals are highlighted in red. Color codes of orangutan populations match those of Figure 1. The 
posterior probability (PP) of each relevant clade was >97% (*), except for Central Kalimantan (PP 34%). 
South and North Kinabatangan did not  form  reciprocally monophyletic groups  for  the  three mtDNA 





Supporting  Figure  S3.  Sub‐tree  of  Sumatran  orangutans  north  of  Lake  Toba.  The  sub‐tree  was 
extracted  from  the maximum  clade  credibility  tree  in  Supporting  Figure  S1.  Study  individuals  are 
highlighted  in  red.  Color  codes  of  orangutan  populations match  those  of  Figure  1.  The  posterior 
probability of each clade was >97% (*).   





Supporting  Figure  S4. PSMC bootstrapping plots  for  individuals  in  Figure 3.  The  x‐axis gives  time 
scaled  in years, assuming a generation  time of 25 years and a mutation rate of 1.5x10‐8 per site per 



























P. abelii  Langkat  PA_KB4661  Bubbles  M  4.76  Locke et al. 2011  Wild‐born 
P. abelii  Langkat  PA_KB5883  Sibu  M  4.99  Locke et al. 2011  Wild‐born 
P. abelii  Langkat  PA_A947  Elsi  F  27.39  Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  Langkat  PA_A948  Kiki  F  23.71  Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  Langkat  PA_A950  Babu  F  26.28  Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  Langkat  PA_A952  Buschi  M  21.03  Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  North Aceh  PA_A949  Dunja  F  27.39  Prado‐Martinez et al. 2013  1. Gen. by 456 and 457 both wild‐born Sumatra 
P. abelii  North Aceh  PA_B018  Jeff  M  16.31  this study  Wild‐born; Desa Seuneubok Bayu, Kec. Indra Makmu; ID AIM: 5295 
P. abelii  West Alas  PA_KB4361  Likoe  F  5.66  Locke et al. 2011  Wild‐born 
P. abelii  West Alas  PA_SB550  Doris  F  4.86  Locke et al. 2011  Wild‐born 
P. abelii  West Alas  PA_B017  Miky  f  13.74  this study  Wild‐born; Aluebillie, Aceh Nagan Raya, Aceh province; ID AIM: 5252 
P. abelii  West Alas  PA_A953  Vicky  F  17.78  unpubl. Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  West Alas  PA_A955  Suma  F  25.27  unpubl. Prado‐Martinez et al. 2013  Wild‐born 
P. abelii  West Alas   PA_B020  Maini  F  16.3  this study  Wild‐born; Aceh Sealatan near Suaq Balimbing; ID AIM: 3111 
P. abelii  Batang Toru  PA_KB9258  Baldy  F  5.79  Locke et al. 2011  Wild‐born 
P. abelii  Batang Toru  PA_B019  Afa  M  16.92  this study  Wild‐born; ID AIM: 2835 
P. pygmaeus  Central Kalimantan  PP_KB4204  Dolly  M  5.61  Locke et al. 2011  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_KB5404  Billy  F  12.24  Locke et al. 2011  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_KB5405  Dennis  M  5.61  Locke et al. 2011  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_A940  Temmy  F  21.8  Prado‐Martinez et al. 2013  1. Gen. by 793 and 794 both wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_A941  Sari  F  23.17  Prado‐Martinez et al. 2013  1. Gen. by 202 and  322 both wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_A943  Tilda  F  24.17  Prado‐Martinez et al. 2013  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_A944  Napoleon  M  23.32  Prado‐Martinez et al. 2013  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_A938  Lotti  F  18.62  unpubl. Prado‐Martinez et al. 2013  1. Gen. by 358 and 422 both wild‐born Borneo 
P. pygmaeus  West Kalimantan  PP_A983  Claus  M  29.71  this study  Wild‐born; Pontianak; ID AIM: 4560 
P. pygmaeus  East Kalimantan  PP_KB5543  Louis  M  6.03  Locke et al. 2011  Wild‐born 
P. pygmaeus  East Kalimantan  PP_A984  Barong  F  29.89  this study  Wild‐born; Taman Nasional Kutail; ID AIM: 4552 
P. pygmaeus  East Kalimantan  PP_A985  Panjul  M  30.13  this study  Wild‐born; Taman Nasional Kutail; ID AIM: 4592 
P. pygmaeus  North Kinabatangan  PP_A987  Tara  F  30.65  this study  Wild‐born; Bukit Garam, Kinabatangan area; ID AIM: 5044 
P. pygmaeus  North Kinabatangan  PP_A988  Kala  M  31.06  this study  Wild‐born; Kg.  Tikolod, Tambunan; ID AIM: 5053 
P. pygmaeus  South Kinabatangan  PP_5062  Ampal  M  13.81  this study  Wild‐born; Lahad Datu, Kinabatangan area; ID AIM: 5062 
P. pygmaeus  South Kinabatangan  PP_A989  Micelle  F  27.30  this study  Wild‐born; Lahad Datu, Kinabatangan area; ID AIM: 5057 
P. pygmaeus  Sarawak  PP_KB5406  Dinah  F  4.90  Locke et al. 2011  Wild‐born 
P. pygmaeus  Sarawak  PP_A939  Nonja  F  20.48  Prado‐Martinez et al. 2013  1. Gen. by 1052 and 1012 both from Sarawak 
P. pygmaeus  Sarawak  PP_A942  Gusti  F  23.12  unpubl. Prado‐Martinez et al. 2013  1. Gen. by 1435 and  1392 both wild‐born Borneo 





Species  Individual ID  Source  Total no. of reads No. of reads filtered out % reads filtered out No. of bad mate readsa % bad mate reads 
P. abelii  PA_A947  Prado‐Martinez et al. 2013  1,199,070,495 217,651,201 18.15% 31,965,745 2.67% 
P. abelii  PA_A948  Prado‐Martinez et al. 2013  1,026,568,611 212,620,172 20.71% 23,791,092 2.32% 
P. abelii  PA_A949  Prado‐Martinez et al. 2013  1,238,435,940 295,572,494 23.87% 28,597,946 2.31% 
P. abelii  PA_A950  Prado‐Martinez et al. 2013  1,221,075,045 277,425,024 22.72% 26,033,305 2.13% 
P. abelii  PA_A952  Prado‐Martinez et al. 2013  1,061,059,740 333,654,395 31.45% 26,183,487 2.47% 
P. abelii  PA_A953  unpubl. Prado‐Martinez et al. 2013   863,795,942 240,805,194 27.88% 16,835,303 1.95% 
P. abelii  PA_A955  unpubl. Prado‐Martinez et al. 2013   1,151,082,160 258,616,853 22.47% 25,494,067 2.21% 
P. abelii  PA_B017  this study  1,114,451,019 576,916,768 51.77% 320,927,625 28.80% 
P. abelii  PA_B018  this study  1,213,126,904 606,523,688 50.00% 380,058,442 31.33% 
P. abelii  PA_B019  this study  1,065,556,174 447,571,547 42.00% 218,524,547 20.51% 
P. abelii  PA_B020  this study  1,063,963,834 467,186,672 43.91% 268,296,390 25.22% 
P. abelii  PA_KB4361  Locke et al. 2011  502,515,251 102,527,136 20.40% 5,668,056 1.13% 
P. abelii  PA_KB4661  Locke et al. 2011  395,184,293 76,284,313 19.30% 4,802,843 1.22% 
P. abelii  PA_KB5883  Locke et al. 2011  470,563,961 115,172,006 24.48% 7,246,997 1.54% 
P. abelii  PA_KB9258  Locke et al. 2011  546,292,437 118,733,071 21.73% 6,956,518 1.27% 
P. abelii  PA_SB550  Locke et al. 2011  420,906,050 87,518,248 20.79% 6,816,380 1.62% 
P. pygmaeus  PP_5062  this study  520,463,882 71,616,442 13.76% 12,238,321 2.35% 
P. pygmaeus  PP_A938  unpubl. Prado‐Martinez et al. 2013   878,679,380 219,613,306 24.99% 18,771,601 2.14% 
P. pygmaeus  PP_A939  Prado‐Martinez et al. 2013  982,875,157 258,243,405 26.27% 22,266,716 2.27% 
P. pygmaeus  PP_A940  Prado‐Martinez et al. 2013  879,365,509 111,712,294 12.70% 23,951,485 2.72% 
P. pygmaeus  PP_A941  Prado‐Martinez et al. 2013  974,172,871 162,961,808 16.73% 22,324,151 2.29% 
P. pygmaeus  PP_A942  unpubl. Prado‐Martinez et al. 2013   1,119,665,510 294,172,924 26.27% 27,378,538 2.45% 
P. pygmaeus  PP_A943  Prado‐Martinez et al. 2013  1,137,225,178 276,513,275 24.31% 28,140,416 2.47% 
P. pygmaeus  PP_A944  Prado‐Martinez et al. 2013  1,110,367,688 280,618,436 25.27% 30,240,109 2.72% 
P. pygmaeus  PP_A946  unpubl. Prado‐Martinez et al. 2013   944,435,510 165,822,299 17.56% 19,510,440 2.07% 
P. pygmaeus  PP_A983  this study  1,150,227,749 171,282,032 14.89% 27,964,164 2.43% 
P. pygmaeus  PP_A984  this study  1,166,011,497 181,228,288 15.54% 32,704,080 2.80% 
P. pygmaeus  PP_A985  this study  1,188,314,591 190,300,804 16.01% 38,933,010 3.28% 
P. pygmaeus  PP_A987  this study  1,182,067,514 169,028,331 14.30% 32,242,622 2.73% 
P. pygmaeus  PP_A988  this study  1,184,387,913 159,637,530 13.48% 28,471,644 2.40% 
P. pygmaeus  PP_A989  this study  1,182,468,671 254,009,220 21.48% 111,433,632 9.42% 
P. pygmaeus  PP_KB4204  Locke et al. 2011  488,513,841 91,445,743 18.72% 5,431,871 1.11% 
P. pygmaeus  PP_KB5404  Locke et al. 2011  1,223,090,264 279,931,929 22.89% 26,711,713 2.18% 
P. pygmaeus  PP_KB5405  Locke et al. 2011  450,850,553 102,845,293 22.81% 3,703,627 0.82% 
P. pygmaeus  PP_KB5406  Locke et al. 2011  427,501,183 79,470,592 18.59% 5,199,834 1.22% 
















P. abelii  PA_A947  101,285,592 8.45% 83,954,851 7.00% 445,013 0.04% 
P. abelii  PA_A948  110,628,113 10.78% 77,752,127 7.57% 448,840 0.04% 
P. abelii  PA_A949  185,752,688 15.00% 80,721,416   6.52% 500,444 0.04% 
P. abelii  PA_A950  121,393,826 9.94% 129,564,956 10.61% 432,937 0.04% 
P. abelii  PA_A952  235,278,445 22.17% 71,714,221 6.76% 478,242 0.05% 
P. abelii  PA_A953  165,539,909 19.16% 58,112,480 6.73% 317,502 0.04% 
P. abelii  PA_A955  157,826,898 13.71% 74,849,426 6.50% 446,462 0.04% 
P. abelii  PA_B017  19,106,249 1.71% 214,074,036 19.21% 22,808,858 2.05% 
P. abelii  PA_B018  14,010,011 1.15% 186,627,308 15.38% 25,827,927 2.13% 
P. abelii  PA_B019  17,930,726 1.68% 198,400,997 18.62% 12,715,277 1.19% 
P. abelii  PA_B020  16,041,711 1.51% 165,324,329 15.54% 17,524,242 1.65% 
P. abelii  PA_KB4361  26,047,292 5.18% 70,810,607 14.09% 1,181 0.00% 
P. abelii  PA_KB4661  14,107,709 3.57% 57,371,308 14.52% 2,453 0.00% 
P. abelii  PA_KB5883  39,113,310 8.31% 68,810,275 14.62% 1,424 0.00% 
P. abelii  PA_KB9258  28,230,836 5.17% 83,544,289 15.29% 1,428 0.00% 
P. abelii  PA_SB550  15,906,300 3.78% 64,792,367 15.39% 3,201 0.00% 
P. pygmaeus  PP_5062  7,891,952 1.52% 51,019,044 9.80% 467,125 0.09% 
P. pygmaeus  PP_A938  143,064,905 16.28% 57,302,521 6.52% 474,279 0.05% 
P. pygmaeus  PP_A939  166,225,495 16.91% 69,332,393 7.05% 418,801 0.04% 
P. pygmaeus  PP_A940  21,089,546 2.40% 66,213,038 7.53% 458,225 0.05% 
P. pygmaeus  PP_A941  75,201,269 7.72% 65,002,932 6.67% 433,456 0.04% 
P. pygmaeus  PP_A942  186,368,059 16.64% 79,902,965 7.14% 523,362 0.05% 
P. pygmaeus  PP_A943  166,560,691 14.65% 81,341,070 7.15% 471,098 0.04% 
P. pygmaeus  PP_A944  163,330,781 14.71% 86,536,463 7.79% 511,083 0.05% 
P. pygmaeus  PP_A946  67,691,610 7.17% 78,230,815 8.28% 389,434 0.04% 
P. pygmaeus  PP_A983  12,085,031 1.05% 130,143,364 11.31% 1,089,473 0.09% 
P. pygmaeus  PP_A984  13,694,397 1.17% 133,233,733 11.43% 1,596,078 0.14% 
P. pygmaeus  PP_A985  10,739,096 0.90% 139,051,397 11.70% 1,577,301 0.13% 
P. pygmaeus  PP_A987  12,414,888 1.05% 123,045,423 10.41% 1,325,398 0.11% 
P. pygmaeus  PP_A988  12,024,936 1.02% 117,985,391 9.96% 1,155,559 0.10% 
P. pygmaeus  PP_A989  12,366,091 1.05% 123,005,953 10.40% 7,203,544 0.61% 
P. pygmaeus  PP_KB4204  7,718,787 1.58% 78,293,575 16.03% 1,510 0.00% 
P. pygmaeus  PP_KB5404  25,789,966 2.11% 227,395,875 18.59% 34,375 0.00% 
P. pygmaeus  PP_KB5405  35,353,666 7.84% 63,732,088 14.14% 55,912 0.01% 
P. pygmaeus  PP_KB5406  12,921,773 3.02% 61,347,330 14.35% 1,655 0.00% 











deptha  %bases≥2x  %bases≥5x  %bases≥7x  %bases≥10x  %bases≥15x 
PA_A947  27.39  93.90  91.70  90.20  87.60  82.20 
PA_A948  23.71  93.80  91.00  89.00  85.60  77.60 
PA_A949  27.39  93.90  91.60  90.10  87.50  82.00 
PA_A950  26.28  93.80  90.90  88.90  85.50  78.10 
PA_A952  21.03  93.40  90.40  88.20  84.00  73.90 
PA_A953  17.78  92.50  88.50  85.40  79.30  64.60 
PA_A955  25.27  93.60  90.90  89.00  85.70  78.30 
PA_B017  13.74  90.50  75.10  61.70  44.10  27.30 
PA_B018  16.31  92.60  85.30  77.60  62.60  39.50 
PA_B019  16.92  91.60  79.00  67.60  52.40  37.10 
PA_B020  16.30  93.20  87.30  80.10  63.70  37.40 
PA_KB4361  5.66  84.90  61.90  39.40  13.00  1.00 
PA_KB4661  4.76  82.30  51.20  27.30  6.60  0.40 
PA_KB5883  4.99  82.00  52.60  30.50  9.20  0.80 
PA_KB9258  5.79  84.60  63.20  41.30  14.20  1.10 
PA_SB550  4.86  83.20  52.90  28.20  6.70  0.50 
PP_5062  13.81  90.70  81.10  72.80  60.60  43.20 
PP_A938  18.62  91.90  87.40  83.80  77.30  62.90 
PP_A939  20.48  92.30  89.10  86.60  82.00  70.70 
PP_A940  21.80  93.00  90.00  87.90  84.10  74.60 
PP_A941  23.17  92.20  88.90  86.60  82.40  73.30 
PP_A942  23.12  92.70  90.00  88.20  85.00  77.30 
PP_A943  24.17  92.80  90.30  88.70  86.00  79.20 
PP_A944  23.32  92.80  90.30  88.50  85.20  76.80 
PP_A946  22.39  90.50  84.70  80.90  75.10  64.80 
PP_A983  29.71  94.30  92.20  91.00  89.30  85.40 
PP_A984  29.89  94.20  92.20  91.00  89.40  86.70 
PP_A985  30.13  94.40  92.40  91.20  89.50  85.80 
PP_A987  30.65  94.30  92.30  91.20  89.60  86.90 
PP_A988  31.06  94.30  92.30  91.20  89.50  86.00 
PP_A989  27.30  94.20  91.90  90.70  88.90  85.40 
PP_KB4204  5.61  84.10  60.90  38.60  12.60  1.00 
PP_KB5404  12.24  90.50  85.00  80.50  68.50  35.60 
PP_KB5405  5.61  84.00  61.30  39.40  13.00  0.90 
PP_KB5406  4.90  82.60  52.80  28.90  7.40  0.60 
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5.1 Abstract 
Because  sex‐biased  dispersal  may  strongly  impact  genetic  diversity  and  structure  of 
populations,  independently  tracing  female‐  and  male‐specific  lineages  is  critical  for  a 
comprehensive  understanding  of  evolutionary  history.  Yet, while  the maternally  inherited 
mitochondrial  genome  (mitogenome)  is  widely  studied,  large‐scale  'genomic'  data  of  the 
paternally  transmitted Y chromosome are  largely  limited  to humans. Here, we developed a 
novel  bioinformatics  strategy,  widely  applicable  to  other  mammal  species,  to  extract  Y‐
specific  single‐copy  sequences  from whole‐genome  sequencing  data. We  traced both  sex‐
specific lineages on a genomics scale in orangutans (genus: Pongo), the only Asian great apes. 
Including  samples  representing  the  entire  range  of  extant  orangutan  populations,  we 
produced  >673  kilobases  of  Y  chromosome‐specific  data  from  13  males  as  well  as  50 
mitogenomes.  The  speciation  process  of  Bornean  and  Sumatran  orangutans was  strongly 
impacted  by  extraordinary  levels  of  male‐biased  dispersal  and  female  philopatry,  in 
combination with the complex geological and climatic history of Southeast Asian Sundaland. 
In  sharp  contrast  to  geographically  deeply  structured  mitogenome  lineages  (~3.97  Ma 
coalescent  time  for Pongo), Y chromosomes  showed no within‐species  structure and more 
recent  coalescence  (~0.43  Ma).  We  estimated  cessation  of  male‐mediated  gene  flow 
between  species  to  be  considerably  earlier  than proposed previously.  The  Y‐chromosomal 
coalescent time ~430 ka implies that habitat conditions during glacials in the late Pleistocene 
have prevented orangutans, and probably other  rainforest‐dependent species,  to cross  the 






In mammals,  Y‐chromosomal  data  represent  an  essential  complement  to maternally  and 
biparentally  inherited genetic markers by providing  insight  into  the patrilineal evolutionary 
history (Prugnolle & de Meeus 2002; Handley & Perrin 2007a). Nevertheless, Y‐specific data 
have  remained  elusive  (Chapter  2; Greminger  et  al.  2010)  and  phylogenetic  research  has 
mainly  relied  on maternally  inherited mitochondrial DNA  (mtDNA). However,  tracing  both 
female and male‐specific lineages is crucial as sex‐biased dispersal may have profound effects 
on  the  genetic  diversity  and  structure  of  populations,  as  for  instance  in mammals, males 
often disperse much farther than females (Handley & Perrin 2007a). Sex‐specific evolutionary 




The  Y  chromosome has been  studied most  comprehensively  in  humans. Here  it provided, 
along with autosomal and mtDNA variation,  the backbone  for our understanding of human 
evolutionary history (e.g. Heyer et al. 2012; Hughes & Rozen 2012; Poznik et al. 2013; Wei et 
al.  2013a).  Combined  analyses  of  mtDNA  and  Y‐specific  loci  also  revealed  contrasting 
patterns of female and male gene flow in for example non‐human primates (e.g. Eriksson et 
al. 2006; Douadi et al. 2007b; Chan et al. 2012), bears (Bidon et al. 2014), shrews (Yannic et al. 











DNA sequence  (Skaletsky  et al. 2003a; Bellott  et al. 2014; Soh  et al. 2014). Because of  the 
repetitive and palindromic nature of the Y chromosome, only the human, chimpanzee, rhesus 
macaque,  and mouse  Y  chromosomes  are  completely  sequenced  to  date  (Skaletsky  et  al. 
2003a; Hughes et al. 2005; Hughes et al. 2010; Hughes et al. 2012; Soh et al. 2014). Recently, 
however,  also  the  complete  X‐degenerate  regions  (the  only  useful  regions  for  tracing 
paternal  lineages) of marmoset, rat, bull, and opossum have become available (Bellott et al. 
2014), with full sequences of the male‐specific region of the Y chromosome (MSY) being on 
their  way  (Bellott  et  al.  2014;  Soh  et  al.  2014).  Even  for  species  without  a  reference  Y 
chromosome, high‐throughput sequencing offers new possibilities to generate genomic MSY‐
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Genomic  MSY  sequences  will  provide  valuable  insights  into  the  evolutionary  history  of 
orangutans (genus: Pongo)—the only Asian great apes. Orangutans are unique among great 
apes (Eriksson et al. 2006; Douadi et al. 2007b; Langergraber et al. 2007; Heyer et al. 2012) in 




Orangutans  are  currently  endemic  to  the  Sundaland  islands  of  Sumatra  and  Borneo  in 
Southeast Asia (Figure 1), whose flora and fauna have been severely affected by Quaternary 
climatic  oscillations.  Falling  sea  levels  during  recurring  glacial  periods  caused  temporary 
exposure of  the  continental  shelf,  repeatedly  reconnecting  the  islands of Sundaland  (Voris 
2000) and thus potentially facilitating gene flow. In species with strong sex‐biased dispersal, 















al.  2006).  Furthermore,  cyclical  climate  change  caused  fluctuations  in  the  Sundaland 
rainforest  distribution,  as  glacial  periods  were  considerably more  arid  and  seasonal  than 




The  evolutionary  history  of  orangutans  has  been  strongly  influenced  by  the  Pleistocene 
environmental changes (e.g. Delgado & van Schaik 2000; Arora et al. 2010; Nater et al. 2011; 
Nater et al. 2013; Nater et al. 2015). As predicted, Nater et al. (2011) found a more recent Y‐
chromosomal  coalescence  compared  to  mtDNA  between  Bornean  (P.  pygmaeus)  and 
Sumatran (P. abelii) orangutans. The estimated divergence time for Y‐chromosomal markers 
was 168 ka, suggesting recent male‐mediated gene flow across the Sunda Shelf. In contrast, 





For  comparative  analyses  of male‐  and  female‐specific  lineages,  genetic  data  with  same 
underlying mutation model  and  comparable mutation  rates  are  required  for  each marker 
system (Poznik et al. 2013). Genetic data in Nater et al. (2011) did not fulfill these criteria, as 
Y‐data were limited to only 11 rapidly mutating microsatellites and seven SNPs. Microsatellite 
markers  are  ill‐suited  to  estimate  coalescent  times  and  effective  population  sizes  (Ne) 
because: (i) their mutation rates range over orders of magnitude among loci (Ellegren 2004), 
(ii) their step‐wise mutation mode leads to frequent homoplasy (Estoup et al. 2002), and (iii) 
phylogenetic  trees  cannot  be  rooted  with  outgroups.  In  line  with  this  notion,  large 
discrepancies have been observed between genomic MSY sequence data and microsatellite 





Kanthaswamy  et  al. 2006;  Steiper 2006;  Locke  et  al. 2011; Nater  et  al. 2011; Nater  et  al. 
2015). To address  such central questions of  speciation and demography  in orangutans, we 
generated and analyzed extensive genomic MSY sequences for thirteen orangutan males who 
represent almost the entire current geographic distribution of genus Pongo (Figure 1, Table 
S1).  For  this,  we  developed  a  widely  applicable  bioinformatics  strategy  to  retrieve MSY‐







To  generate  genomic male‐specific  data, we  developed  a  novel  bioinformatics  strategy  to 
extract MSY‐specific  sequences  from whole‐genome  sequencing  data  (Figure  2; Materials 
and Methods). Due  to  the  lack of a  species‐specific  reference Y  chromosome, we mapped 
previously generated Illumina whole‐genome sequencing reads (Chapter 4; Locke et al. 2011; 
Prado‐Martinez et al. 2013) of our 13 study males (Tables 1 and S1) to the reference Y of a 
related  taxon  (in our  case humans with  ~12‐20 million  years divergence;  Steiper &  Young 
2006; Prado‐Martinez et al. 2013). We applied several  filters to ensure male‐specificity and 
single‐copy  status  of  the  generated  MSY  sequences.  (i)  We  simultaneously  mapped 
sequencing  reads  to  the whole orangutan  reference genome  (PonAbe2,  Locke  et  al. 2011) 
and not  just the human reference Y chromosome, reducing spurious mapping of autosomal 
reads to the Y chromosome and allowing subsequent identification of reads that also aligned 












selected  X‐degenerate  regions  (corresponding  to  3,854,654  bp  in  humans).  As  expected, 
individual mean MSY sequence depth was about half  (average: 54.4%) of  that  reported  for 
the autosomes (cf. Chapter 4), and ranged from 2.79–16.62x (Table S2). For analyses, we only 
kept sites without missing data,  i.e. with a genotype in all study males. Because genomes of 








Figure  2.  Bioinformatics  strategy  to  extract  MSY‐specific,  single‐copy  sequences  from  whole‐
genome sequencing data. Steps performed at the  individual  level are graphically  illustrated as  layers 
with numbering (1–n). Figure style adapted from the GATK guide. 
As resource for further population genetic studies, we also  identified classical microsatellite 
markers  in  the  orangutan MSY. We  found  71 microsatellites matching  our  search  criteria 
(Materials  and Methods).  Forty‐seven microsatellites were  di‐nucleotide motifs,  seven  tri‐




We  also  generated  data  from  complete  mitogenomes  (Materials  and  Methods)  for  50 
individuals  (Tables  3  and  S1), which  spanned  the  entire  geographic  distribution  of  extant 













Species  NSamples  NHapl.  NSites  NSNPs  θπa ± s.d.  θWb± s.d.  Ne [θπ]c± s.d.  Ne [θW]c± s.d. 
Pongo  50  36  15,397  1,512  0.03512 ± 0.00159  0.02335 ± 0.00606  132,528 ± 6,000  88,113 ± 22,867 
P. abelii  25  17  15,397  1,129  0.02119 ± 0.00449  0.02182 ± 0.00624  79,962 ± 16,943  82,339 ± 23,547 
P. abelii excl. BT  22  14  15,397  431  0.01125 ± 0.00074  0.00784 ± 0.00255  42,452 ± 2,792  29,584 ± 9,622
P. pygmaeus  25  19  15,397  142  0.00215 ± 0.00021  0.00246 ± 0.00080  8,113 ± 792  9,283 ± 3,018
MSY 
Species  NSamples  NHapl.  NSites  NSNPs  θπa± s.d.  θWb± s.d.  Ne [θπ]d± s.d.  Ne [θW]d± s.d. 
Pongo  13 13  673,165 1,317 0.00070 ± 0.00007 0.00063 ± 0.00024 28,000 ± 2,800 25,200 ± 9,600
P. abelii  5 5  673,165 422 0.00030 ± 0.00005 0.00030 ± 0.00015 12,000 ± 2,000 12,000 ± 6,000







Sex-specific phylogenies and molecular dating  
Bayesian  phylogenetic  analyses  of  the  MSY  and  mitogenomes  revealed  strict  separation 
(posterior probabilities 1.00) of Sumatran and Bornean orangutans for both marker systems 
(Figure 3). Yet, matrilineal and patrilineal phylogenies differed fundamentally. 
The  rooted  mitogenome  tree  exhibited  clear  geographical  structure  (Figure  3a).  We 
estimated  the TMRCA of all extant orangutan mtDNA  lineages  to be ~3.97 Ma  (95% highest 
posterior density interval: 2.35–5.57 Ma). Sumatran orangutans formed a paraphyletic group, 
with  Batang  Toru  being  more  closely  related  to  the  Bornean  lineage  than  to  the  other 
Sumatran  populations.  The  lineage  of  Batang  Toru  and  that  giving  rise  to  extant  Bornean 
orangutans  separated  ~2.41  Ma  (1.26–3.42  Ma).  In  contrast  to  Sumatran  orangutans, 
Bornean populations formed a monophyletic group with recent mtDNA coalescence ~160 ka 
(94–227 ka). The  two orangutan populations north and  south of  the Kinabatangan  river  in 
Northern  Borneo  (North  and  South  Kinabatangan)  were  basal  to  all  other  Bornean 
populations and diverged rather recently from each other (~40 ka, 20–70 ka).  
In  sharp  contrast  to  the  strong  geographic  structure  in  the mitogenome  phylogeny,  the 


















Population differentiation and divergence 
Bornean  and  Sumatran orangutans were  significantly differentiated  for both mitogenomes 
(ΦST  =  0.797,  p  <<  0.00001)  and MSY  (ΦST  =  0.734,  p  <<  0.00079).  Patterns  of  pairwise 
genotype‐sharing  at  polymorphic  sites,  however, were  contrasting  between mitogenomes 
and  MSY  (Figure  4).  While  mitogenome  pairwise  genotype‐sharing  was  strongly 
geographically  structured  (Figure  4,  above  the  diagonal;  Figure  S1), MSY  estimates  were 
much less so (Figure 4, below diagonal). For mitogenomes, we observed a clear split between 
Sumatran populations north of Lake Toba and Batang Toru, located south of Lake Toba. The 
Batang  Toru male  shared  a  higher  percentage  of mtDNA  alleles with  Bornean  orangutans 
than with other Sumatran orangutans. This finding was confirmed for the two female Batang 











Genetic diversity and Ne  
Mitogenomes and MSY showed different patterns of genetic diversity between Sumatran and 
Bornean  orangutans  (Table  3).  For mitogenomes,  nucleotide  diversity  (θ) was  an  order  of 
magnitude  larger  for  Sumatran  orangutans  compared  to  Borneans  (Ne[θπ]:~0.0212  versus 
~0.0022).  For  the MSY,  however,  nucleotide  diversities  were  similar  for  the  two  species 
(~0.0003).  
Sumatran  orangutans  showed  a  strong discrepancy  in  the  long‐term Ne  estimates of  each 
marker system (mitogenomes: ~79,962 versus MSY: ~12,000). When Batang Toru individuals 
were excluded from the Sumatran dataset, mitogenome Ne estimates were reduced by 47%–
64%  (depending  on  the  estimator  of  θ,  Table  1).  In Borneo,  long‐term Ne  estimates were 
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slightly  lower  for mitogenomes  (~8,113)  than  for  the MSY  (~10,800),  although  both were 
within the same 95% highest posterior density interval.  
On  the  population  level,  mitogenome  genetic  diversity  within  populations  was  generally 
lower  for Sumatran orangutans compared to Borneans  (Table 4), except  for  the  large West 





   NSamples  NHaplotypes  NSNPs  π 
All Pongo  50  36  1,512  0.03512 
Sumatra  25  17  1,129  0.02119 
Langkat  9  3  4  0.00007 
North Aceh  3  3  2  0.00009 
West Alas  10  8  102  0.00350 
Batang Toru  3  3  6  0.00026 
Borneo  25  19  142  0.00215 
South Kinabatangan  2  2  3  0.00020 
North Kinabatangan  2  2  6  0.00039 
East Kalimantan  3  2  7  0.00030 
Sarawak  4  4  22  0.00072 









84%.  At  the  species  level,  AMOVA  results  confirmed  the much  higher  within‐population 



























We  simultaneously  traced  both  the  male‐  and  female‐specific  evolutionary  history  on  a 
genomic level in orangutans. Analyzing a unique dataset encompassing orangutans of almost 
all extant populations, we found that population history and phylogeography of females and 
males  differed  drastically. While mitogenome  lineages  showed  deep  geographic  structure 
and old coalescent times, MSY haplotypes were not geographically structured within species 
and coalesced much more recently. 
Speciation and gene flow 
Y  chromosomes  of  all  extant  orangutans  coalesced  ~430  ka,  in  stark  contrast  to  the 
coalescence of mtDNA  lineages of both species at 2.37 Ma. Thus, the speciation process of 
Bornean  and  Sumatran  orangutans  had  been  strongly  impacted  by  the  extraordinary  high 
levels of  female  philopatry  and male‐biased dispersal. Our data  show  that  after  the  initial 
separation of Bornean  and  Sumatran orangutans  in  the early Pleistocene,  their  autosomal 
gene pools remained connected via strictly male‐driven gene flow.  
The Y‐chromosomal TMRCA of ~430 ka  implies  that male migration between  the  islands was 
possible during at  least some glacial periods  in  the early and middle Pleistocene. However, 




both, may  have  imposed  impassable  dispersal  barriers. Our  results  strongly  contrast with 
previous studies (Muir et al. 2000; Verschoor et al. 2004; Kanthaswamy et al. 2006; Steiper 
2006; Nater et al. 2011; Nater et al. 2015; but see Locke et al. 2011 and Mailund et al. 2012), 
which  had  suggested  much  more  recent  gene  flow  between  islands.  The  timing  of  the 
cessation—or  at  least  substantial  reduction—of  male  migration  between  Borneo  and 
Sumatra coincides with the beginning of the Marine Isotope Stage (MIS) 11. MIS 11 was the 
longest  interglacial period  isolating the  islands  in half a million years, spanning ~424–374 ka 
(de Vernal & Hillaire‐Marcel 2008).  
Population history of Bornean orangutans 
Climatic and  thus rainforest cover oscillations strongly  impacted  the population histories of 
the two orangutan species. Both mitogenome and MSY provide strong evidence for a major 
bottleneck of Bornean orangutans. In stark contrast to the deep mtDNA splits within Sumatra, 
Bornean mitogenome  lineages  coalesced  ~160  ka  (94–227  ka),  showing  that  populations 
diverged  rather  recently. The TMRCA  for Bornean Y chromosomes was ~110 ka  (81–149 ka), 
and  thus  within  the  range  of  mitogenomes.  This  pattern  is  congruent  with  a  common 




et  al.  2005).  Bornean  orangutans  also  exhibit  a  much  higher  relative  within‐population 
mtDNA  diversity  compared  to  Sumatrans  (17%  compared  to  0.86%  of  the  total molecular 
variance within species; similar to Nater et al. 2011), providing  independent support for the 
late‐Pleistocene refugium hypothesis (Arora et al. 2010). In agreement with the basal position 
of  the  two Sabah populations  to all other Borneans  in our mitogenome phylogeny,  such a 
common refugium was most likely located in the Crocker mountain range in northern Borneo, 
as proposed  for the Sabah population (North and South Kinabatangan, Jalil et al. 2008) and 
other Bornean  species  (Barkman &  Simpson 2001; Gathorne‐Hardy  et  al. 2002; Cannon & 
Manos 2003; Quek et al. 2007).  
Population history of Sumatran orangutans 
In  contrast  to  Bornean  orangutans,  the  deep mitogenome  splits  of  Sumatran  populations 
suggest that population structure was remarkably stable for a  long period of time, probably 
best explained by the differences in geology and environmental conditions across Sundaland. 
For  large  parts  of  Sumatra,  rain‐fall  rates  during  glacial  periods were  considerably  higher 
compared  to  Borneo  (Gathorne‐Hardy  et  al.  2002).  Thus, multiple  rainforest  refugia  likely 
existed  in most of northern Sumatra and at  the base of  the Barisan Mountains  (Gathorne‐
Hardy  et  al.  2002),  which  may  have  contributed  to  the  deep  population  structure  of 
Sumatran orangutans observed today. 
Our  results also  support a  strong  impact of  the Toba volcano  (Chesner  et al. 1991) on  the 
evolutionary history of orangutans  (Nater et al. 2011; Nater et al. 2015). That we observed 








Species-specific forces acting on the Y chromosome  
While  Ne  of  the  MSY  and  mitogenomes  were  similar  for  Bornean  orangutans,  Ne  was 
considerably larger for mitogenomes than for the MSY in Sumatra. In light of the more stable 
population  history  of  Sumatran  orangutans,  one  might  expect  higher  long‐term  Ne  of 
Sumatran MSY.  This  implies  that  different  forces may  act  on  the MSY  in  both  orangutan 
species.  First, male  reproductive  skew might  reduce Ne and  therefore  TMRCA of  Sumatran  Y 
chromosomes compared to Bornean orangutans. Both species strongly differ in their ecology 
as well as social‐ and mating systems (Delgado & van Schaik 2000; Wich et al. 2009b; Dunkel 
et al. 2013). There  is  increasing evidence  for extensive reproductive skew among Sumatran 
males, whereas  reproduction  is more evenly distributed  in Borneo  (Goossens  et al. 2006b; 
Chapter 5 
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Lenzi 2014). Second, positive  selection acting on beneficial mutations, potentially  linked  to 
reproductive  skew,  could  also have  reduced genetic diversity of  Sumatran MSY. Third,  the 
effective male‐gene  flow  rate might be higher  in Sumatran orangutans because males  can 
cross  rivers more  easily  at  their  headwaters  since  suitable  habitat  is  provided  to  higher 
altitudes than on Borneo due to the Massenerhebung effect caused by the Barisan Mountain 
ridge (van Schaik et al. 1995; Rijksen & Meijaard 1999).  
MSY bioinformatics strategy 
Overall,  our  novel  bioinformatics  strategy  proved  to  be  extremely  useful  to  extract MSY‐
specific, single‐copy sequences from whole‐genome sequencing data in orangutans. This was 
achieved  through  the  implementation  of  several  filtering  steps  dealing  with  the  specific 
properties  of  the  Y  chromosome.  We  produced  over  673  kb  MSY  sequence  (2.83  Mb 




and  brown  bears  (Bidon  et  al.  2014). Our  results  strongly  contrast with  a  previous  study 
based  on  18  Y‐linked  loci,  mostly  microsatellite  markers  (Nater  et  al.  2011),  which 




for  orangutans  available.  Therefore we  had  to  rely  on  a  reference  assembly  of  a  related 
species  (i.e. humans)  for sequence read mapping. Despite the ~18 million years divergence 
between humans and orangutans  (Steiper & Young 2006; Prado‐Martinez  et  al. 2013), we 
obtained a high number of MSY sequences. The  impact of varying Y chromosome structure 
among species (Bellott et al. 2014; Soh et al. 2014) on sequence read mappability might have 
been  reduced because we exclusively  targeted X‐degenerate  regions. Hughes  et  al.  (2010) 
showed  for human and chimpanzees  that although  less  than 50% of ampliconic sequences 
have  a  homologous  counterpart  in  the  other  species,  over  90%  of  the  X‐degenerate 
sequences hold such a counterpart. 
Our  study  highlights  the  importance  of  the  Y  chromosome  for  a  comprehensive 
understanding of a species' demographic history and phylogeography. Independently tracing 

















Species  Population   NMitogenomes  NMSY 
P. abelii  Langkat (LK)  9 (2)  3 
P. abelii  North Aceh (NA)  3 (1)  1 
P. abelii  West Alas (WA)  10 (3)  0 
P. abelii  Batang Toru (BT)  3 (1)  1 
P. pygmaeus  South Kinabatangan (SK)  2  1 
P. pygmaeus  North Kinabatangan (NK)  2  1 
P. pygmaeus  East Kalimantan (EK)  3 (1)  1 
P. pygmaeus  Sarawak (SR)  4  1 
P. pygmaeus  Central Kalimantan (CK)  13 (5)  3 
P. pygmaeus  West Kalimantan (WK)  1  1 




MSY bioinformatics strategy   
Only  certain  regions  of  the  Y  chromosome  contain  truly  Y‐specific  and  single‐copied  (i.e. 
unique) DNA sequence, thus are of use for population genetic analyses. For example, the X 
and Y sex chromosomes share widespread sequence homologies because they evolved from 
an  ordinary  pair  of  autosomes  (Lahn  &  Page  1999;  Skaletsky  et  al.  2003a).  In  addition, 
retrotransposition and gene conversion led to the incorporation of autosomal sequences into 
the Y chromosome and vice versa  (Steinemann & Steinemann 1992; Skaletsky et al. 2003a; 
Handley  &  Perrin  2006).  The  euchromatic  DNA  of  the  male‐specific  region  of  the  Y 
chromosome  (MSY)  is mainly comprised of two sequence classes: ampliconic segments and 
X‐degenerate (also called 'ancestral single‐copy') sequences (Skaletsky et al. 2003a; Bellott et 
al. 2014;  Soh  et  al. 2014).  The  ampliconic  regions  are  composed of  large, nearly  identical 




et  al.  2010).  These  X‐degenerate  sequences  represent  the  ancestral  portions  of  the  Y 
chromosomes  and  comprise  few  single‐copy  gene  or  pseudogene  homologues  of  X‐linked 
genes (Skaletsky et al. 2003a; Soh et al. 2014). 
We developed a bioinformatics strategy to extract MSY‐specific, single‐copy sequences from 
whole‐genome  sequencing  data  (Figure  2).  The  strategy  consisted  of  the  following  steps, 
which  ensured male‐specificity  and  single‐copy  status.  First, we  created  a  new  reference 
sequence  (PonAbe2_humanY)  by  manually  adding  the  human  reference  Y  chromosome 
(GRCh37,  http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/)  to  the 
orangutan  reference  genome  PonAbe2  (Locke  et  al.  2011). We  then  used  the  Burrows‐
Wheeler Aligner v0.7.5. (BWA‐MEM, Li & Durbin 2009) to map Illumina whole‐genome short 
reads from 36 orangutans (13 males and 23 females, Tables 1 and S1) to this new reference 
sequence. We mapped  reads  for  each  individual  separately  in  paired‐end mode  and with 
default  settings. To  reduce output  file  size, we  removed unmapped  reads on  the  fly using 
SAMtools v0.1.19. (Li et al. 2009). Picard v1.101 (http://picard.sourceforge.net/) was used to 





























Genotypes  at  all  sequenced  sites  were  called  with  the  Unified  Genotyper  of  the  GATK, 
applying  the  output  mode  'EMIT_ALL_CONFIDENT_SITES'.  We  called  genotypes  in  multi‐
sample mode  (females  and males  separately,  sample‐ploidy was  set  to  1),  producing  one 





From the gVCF  file of the  females, we generated a  'kill'  list with the coordinates of all sites 
with  coverage  in more  than one  female  (minimal  sequence depth 2x), as  these  sites most 
likely were located in pseudoautosomal or ampliconic regions, i.e. share similarity with the X 






















Region Number  Start Position   End Position   Size [bp] 
1  14,170,438  15,795,786  1,625,348 
2  16,470,614  17,686,473  1,215,859 
3  18,837,846  19,267,356  429,510 








software  msatcommander  v0.8.2.  (Faircloth  2008)  applying  the  following  settings: 
dinucleotide motifs with minimal eight repeats, trinucleotide motifs with minimal six repeats, 
and  tetranucleotide motifs  with minimal  five  repeats.  Finally,  we  used  BEDtools  v2.17.0. 
(Quinlan & Hall 2010)  to  extract  sequences 600 bp down‐  and upstream of  the  identified 
microsatellites from the consensus sequence to facilitate the design of PCR primers. 
Mitogenome data 
We  also  produced  complete mitogenome  sequences  for  all  study  individuals  (males  and 
females).  We  first  created  a  consensus  reference  sequence  from  13  Sanger‐sequenced 











(Applied  Biosystems)  in  both  directions  using  the  amplification  primers.  Information  on 
primers is available upon request.   
We  mapped  Illumina  whole‐genome  sequencing  reads  to  the  consensus  mitochondrial 
reference  sequence  using  NovoAlign  v3.02.  (NovoCraft),  which  can  accurately  handle 
reference  sequences with  ambiguous  bases.  This  procedure  prevented  biased  short  read 
mapping due to common population‐specific mutations. For each individual, we generated a 
FASTA  sequence  for  the  mitogenome  with  the  mpileup  pipeline  of  SAMtools.  We  only 
considered bases with both mapping  and  base Phred  quality  scores  ≥ 30  and  required  all 
position  to  be  covered  between  100  and  2000  times.  Finally,  we  visually  checked  the 
sequence  alignment  of  all  individuals  in  BioEdit  and manually  removed  indels  and  poorly 
aligned positions as well as excluded  the D‐loop  to  account  for  sequencing and alignment 
errors in those regions which might inflate estimates of mtDNA diversity. 
We thoroughly  investigated the  literature for the potential occurrence of nuclear  insertions 
of mtDNA (numts)  in the genus Pongo, given that this has been a concern  in closely related 
gorillas (Gorilla spp.) (Thalmann et al. 2005). There was no  indication of numts  in the genus 




We  constructed  phylogenetic  trees  and  estimated  divergence  dates  for mitogenome  and 
MSY sequences using the Bayesian Markov chain Monte Carlo (MCMC) method implemented 
in  BEAST  v1.8.0.  (Drummond  et  al.  2012).  To  determine  the  most  suitable  nucleotide 
substitution model, we  conducted model  selection with  jModelTest  v2.1.4.  (Darriba  et  al. 
2012). Based on  the Akaike  information  criterion  (AIC) and  corrected AIC, we  selected  the 
GTR+I substitution model  (Tavaré 1986)  for mitogenomes and the TVM+I+G model  (Posada 
2003) for MSY sequences.  
The mitogenome  tree was  rooted with a human and a central chimpanzee  sequence  from 
GenBank (accession numbers: GQ983109.1 and HN068590.1), the MSY tree with the human 
reference sequence hg19. We estimated divergence dates under a  relaxed molecular clock 












for mitogenomes, with  parameter  sampling  every  1,000  generations,  and  for  200 million 
generations each with parameter sampling every 2,000 generations for MSY sequences. We 
used  Tracer  v1.6.  (Rambaut  et  al.  2013)  to  examine  run  convergence,  and  aimed  for  an 
effective  sample  size  of  at  least  1000  for  all  parameters. We  discarded  the  first  20%  of 
samples  as  burn‐in  and  combined  the  remaining  samples  of  each  run with  LogCombiner 
v1.8.0.  (Drummond  et  al.  2012).  Maximum  clade  credibility  trees  were  drawn  with 




computed  the  estimators  θπ  (based  on  the  mean  pairwise  genetic  distance  between 







variation  of  mtDNA  mutation  rates  across  mammals  and  thus  to  circumvent  the 
corresponding  uncertainties  in mutation  rate  estimates  (see Nabholz  et  al.  2008).  For  the 
MSY we applied a mutation rate of 2.50x10‐8 per site per generation as inferred from human 







MEGA  v6.06.  (Tamura  et  al.  2013)  applying  the  p‐distance method  for  pairwise  distance 
computation. We  visualized  genotype‐sharing  coefficient matrices  as  heatmaps  using  the 
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P. abelii  Batang Toru  PA_B019  Afa  M  16.92  Chapter 4   Wild‐born 
P. abelii  Batang Toru  PA_KB9528  Baldy  F  5.79  Locke et al. 2011  Wild‐born 
P. abelii  Batang Toru  PA_BT01  BT01  M  Sanger‐sequenced  This study  Wild‐born 
P. abelii  Langkat  PA_A947  Elsi  F  27.39  Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  Langkat  PA_A948  Kiki  F  23.71  Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  Langkat  PA_A950  Babu  F  26.28  Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  Langkat  PA_A952  Buschi  M  21.03  Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  Langkat  PA_KB4661  Bubbles  M  4.76  Locke et al. 2011  Wild‐born 
P. abelii  Langkat  PA_KB5883  Sibu  M  4.99  Locke et al. 2011  Wild‐born 
P. abelii  Langkat  PA_518  518  M  Sanger‐sequenced  This study  Wild‐born 
P. abelii  Langkat  PA_19  19  M  Sanger‐sequenced  This study  1. Generation of wild‐born Sumatra 
P. abelii  Langkat  PonAbe2  Susi  F  /  Locke et al. 2011   Orangutan reference genome 
P. abelii  North Aceh  PA_A949  Dunja  F  27.39  Prado‐Martinez et al. 2013  1. Generation of wild‐born Sumatra 
P. abelii  North Aceh  PA_B018  Jeff  M  16.31  Chapter 4   Wild‐born 
P. abelii  North Aceh  PA_NA01  NA01  M  Sanger‐sequenced  This study  Wild‐born 
P. abelii  West Alas  PA_A953  Vicky  F  17.78  unpubl. Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  West Alas  PA_A955  Suma  F  25.27  unpubl. Prado‐Martinez et al. 2013   Wild‐born 
P. abelii  West Alas  PA_A964  Rochelle  F  11.06  unpubl. Prado‐Martinez et al. 2013   1. Generation of wild‐born Sumatran  
P. abelii  West Alas  PA_B017  Miky  F  13.74  Chapter 4   Wild‐born 
P. abelii  West Alas  PA_KB4361  Likoe  F  5.66  Locke et al. 2011  Wild‐born 
P. abelii  West Alas  PA_SB550  Doris  F  4.86  Locke et al. 201  Wild‐born 
P. abelii  West Alas  PA_336  336  M  Sanger‐sequenced  This study  1. Generation of wild‐born Borneo 
P. abelii  West Alas  PA_247  247  F  Sanger‐sequenced  This study  Wild‐born 
P. abelii  West Alas  PA_11  11  F  Sanger‐sequenced  This study  1. Generation of wild‐born Borneo 
P. abelii  West Alas   PA_B020  Maini  F  16.30  Chapter 4   Wild‐born 
  
Table S1 (Continued)
P. pygmaeus  Central Kalimantan  PP_A938  Lotti  F  18.62  unpubl. Prado‐Martinez et al. 2013   1. Generation of wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_A940  Temmy  F  21.80  Prado‐Martinez et al. 2013   1. Generation of wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_A941  Sari  F  23.17  Prado‐Martinez et al. 2013  1. Generation of wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_A943  Tilda  F  24.17  Prado‐Martinez et al. 2013  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_A944  Napoleon  M  23.32  Prado‐Martinez et al. 2013   Wild‐born 
P. pygmaeus  Central Kalimantan  PP_535  535  F  Sanger‐sequenced  This study  1. Generation of wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_536  536  F  Sanger‐sequenced  This study  1. Generation of wild‐born Borneo 
P. pygmaeus  Central Kalimantan  PP_866  866  M  Sanger‐sequenced  This study  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_003  3  F  Sanger‐sequenced  This study  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_941  941  M  Sanger‐sequenced  This study  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_KB4204  Dolly  M  5.61  Locke et al. 2011  Wild‐born 
P. pygmaeus  Central Kalimantan  PP_KB5404  Billy  F  12.24  Locke et al. 2011   Wild‐born 
P. pygmaeus  Central Kalimantan  PP_KB5405  Dennis  M  5.61  Locke et al. 2011   Wild‐born 
P. pygmaeus  East Kalimantan  PP_496  496  F  Sanger‐sequenced  This study  1. Generation of wild‐born Borneo 
P. pygmaeus  East Kalimantan  PP_A984  Barong  F  29.89  Chapter 4   Wild‐born 
P. pygmaeus  East Kalimantan  PP_A985  Panjul  M  30.13  Chapter 4   Wild‐born 
P. pygmaeus  North Kinabatangan  PP_A987  Tara  F  30.65  Chapter 4   Wild‐born 
P. pygmaeus  North Kinabatangan  PP_A988  Kala  M  31.06  Chapter 4   Wild‐born 
P. pygmaeus  Sarawak  PP_A939  Nonja  F  20.48  Prado‐Martinez et al. 2013  1. Generation of wild‐born Sarawak 
P. pygmaeus  Sarawak  PP_A942  Gusti  F  23.12  unpubl. Prado‐Martinez et al. 2013   1. Generation of wild‐born Borneo 
P. pygmaeus  Sarawak  PP_A946  Kajan  M  22.39  unpubl. Prado‐Martinez et al. 2013   Wild‐born 
P. pygmaeus  Sarawak  PP_KB5406  Dinah  F  4.90  Locke et al. 2011  Wild‐born 
P. pygmaeus  South Kinabatangan  PP_5062  Ampal  M  13.81  Chapter 4   Wild‐born 
P. pygmaeus  South Kinabatangan  PP_A989  Micelle  F  27.30  Chapter 4   Wild‐born 








Species  Population  Individual  CovMSYa  CovGenb  Source 
P. abelii  Langkat  PA_A952  11.06  21.03  Prado‐Martinez et al. 2013  
P. abelii  North Aceh  PA_B018  7.93  16.31  Chapter 4  
P. abelii  Batang Toru  PA_B019  6.21  16.92  Chapter 4  
P. abelii  Langkat  PA_KB4661  2.79  4.76  Locke et al. 2011  
P. abelii  Langkat  PA_KB5883  3.07  4.99  Locke et al. 2011 
P. pygmaeus  South Kinabatangan  PP_5062  8.42  13.81  Chapter 4  
P. pygmaeus  Central Kalimantan  PP_A944  12.94  23.32  Prado‐Martinez et al. 2013  
P. pygmaeus  Sarawak  PP_A946  14.07  22.39  unpubl. Prado‐Martinez et al. 2013  
P. pygmaeus  West Kalimantan  PP_A983  15.52  29.71  Chapter 4  
P. pygmaeus  East Kalimantan  PP_A985  15.44  30.13  Chapter 4  
P. pygmaeus  North Kinabatangan  PP_A988  16.62  31.06  Chapter 4 
P. pygmaeus  Central Kalimantan  PP_KB4204  3.26  5.61  Locke et al. 2011  






located. The  coordinates  correspond  to  the human  Y  chromosome  reference  sequence GRC37.  'StartBP_STR'  and  'EndBP_STR' denote  the  start  and end position of  the 
microsatellite repeat within the 'Chromosome_Region'. 'SeqFlankBP_Start' and 'SeqFlankBP_End' represent the start and end position of the extracted microsatellite sequence 














chrY:14170438‐15795786  251282  251306  (AAAC)^6  Tetranucleotide  Forward  250682  251906  chrY:14170438‐15795786:250682to251906 
chrY:14170438‐15795786  353528  353544  (GT)^8  Dinucleotide  Reverse:  complement of AC  352928  354144  chrY:14170438‐15795786:352928to354144 
chrY:14170438‐15795786  369631  369655  (AAAT)^6  Tetranucleotide  Forward  369031  370255  chrY:14170438‐15795786:369031to370255 
chrY:14170438‐15795786  430399  430415  (AC)^8  Dinucleotide  Forward  429799  431015  chrY:14170438‐15795786:429799to431015 
chrY:14170438‐15795786  451237  451255  (AG)^9  Dinucleotide  Forward  450637  451855  chrY:14170438‐15795786:450637to451855 
chrY:14170438‐15795786  456963  456979  (AC)^8  Dinucleotide  Forward  456363  457579  chrY:14170438‐15795786:456363to457579 
chrY:14170438‐15795786  467254  467270  (GT)^8  Dinucleotide  Reverse:  complement of AC  466654  467870  chrY:14170438‐15795786:466654to467870 
chrY:14170438‐15795786  750968  750984  (AG)^8  Dinucleotide  Forward  750368  751584  chrY:14170438‐15795786:750368to751584 
chrY:14170438‐15795786  840873  840909  (AAT)^12  Trinucleotide  Forward  840273  841509  chrY:14170438‐15795786:840273to841509 
chrY:14170438‐15795786  1223179  1223201 (AT)^11  Dinucleotide  Forward  1222579  1223801  chrY:14170438‐15795786:1222579to1223801 
chrY:14170438‐15795786  1312803  1312819 (AC)^8  Dinucleotide  Forward  1312203  1313419  chrY:14170438‐15795786:1312203to1313419 
chrY:14170438‐15795786  1337102  1337134 (AC)^16  Dinucleotide  Forward  1336502  1337734  chrY:14170438‐15795786:1336502to1337734 
chrY:14170438‐15795786  1387994  1388034 (AGAT)^10  Tetranucleotide  Forward  1387394  1388634  chrY:14170438‐15795786:1387394to1388634 
chrY:14170438‐15795786  1388038  1388062 (AGAT)^6  Tetranucleotide  Forward  1387438  1388662  chrY:14170438‐15795786:1387438to1388662 
chrY:14170438‐15795786  1404285  1404309 (AT)^12  Dinucleotide  Forward  1403685  1404909  chrY:14170438‐15795786:1403685to1404909 
chrY:14170438‐15795786  1412102  1412129 (AAT)^9  Trinucleotide  Forward  1411502  1412729  chrY:14170438‐15795786:1411502to1412729 
chrY:14170438‐15795786  1621126  1621214 (AT)^44  Dinucleotide  Reverse:  complement of AT  1620526  1621814  chrY:14170438‐15795786:1620526to1621814 
chrY:16470614‐17686473  45312  45348  (ATTT)^9  Tetranucleotide  Reverse:  complement of AAAT  44712  45948  chrY:16470614‐17686473:44712to45948 
chrY:16470614‐17686473  93740  93788  (AGAT)^12  Tetranucleotide  Forward  93140  94388  chrY:16470614‐17686473:93140to94388 
chrY:16470614‐17686473  141513  141529  (CT)^8  Dinucleotide  Reverse:  complement of AG  140913  142129  chrY:16470614‐17686473:140913to142129 
chrY:16470614‐17686473  141969  141989  (AC)^10  Dinucleotide  Forward  141369  142589  chrY:16470614‐17686473:141369to142589 
chrY:16470614‐17686473  167846  167862  (GT)^8  Dinucleotide  Reverse:  complement of AC  167246  168462  chrY:16470614‐17686473:167246to168462 
  
chrY:16470614‐17686473  176055  176073  (GT)^9  Dinucleotide  Reverse:  complement of AC  175455  176673  chrY:16470614‐17686473:175455to176673 
chrY:16470614‐17686473  194834  194868  (GT)^17  Dinucleotide  Reverse:  complement of AC  194234  195468  chrY:16470614‐17686473:194234to195468 
chrY:16470614‐17686473  201352  201372  (GT)^10  Dinucleotide  Reverse:  complement of AC  200752  201972  chrY:16470614‐17686473:200752to201972 
chrY:16470614‐17686473  219505  219529  (ATC)^8  Trinucleotide  Forward  218905  220129  chrY:16470614‐17686473:218905to220129 
chrY:16470614‐17686473  244400  244441  (GT)^20  Dinucleotide  Reverse:  complement of AC  243800  245041  chrY:16470614‐17686473:243800to245041 
chrY:16470614‐17686473  279128  279150  (GT)^11  Dinucleotide  Reverse:  complement of AC  278528  279750  chrY:16470614‐17686473:278528to279750 
chrY:16470614‐17686473  363042  363060  (AC)^9  Dinucleotide  Forward  362442  363660  chrY:16470614‐17686473:362442to363660 
chrY:16470614‐17686473  418942  418962  (AG)^10  Dinucleotide  Forward  418342  419562  chrY:16470614‐17686473:418342to419562 
chrY:16470614‐17686473  434124  434140  (GT)^8  Dinucleotide  Reverse:  complement of AC  433524  434740  chrY:16470614‐17686473:433524to434740 
chrY:16470614‐17686473  470775  470797  (GT)^11  Dinucleotide  Reverse:  complement of AC  470175  471397  chrY:16470614‐17686473:470175to471397 
chrY:16470614‐17686473  492575  492596  (GAT)^7  Trinucleotide  Reverse:  complement of ATC  491975  493196  chrY:16470614‐17686473:491975to493196 
chrY:16470614‐17686473  535822  535848  (AT)^13  Dinucleotide  Forward  535222  536448  chrY:16470614‐17686473:535222to536448 
chrY:16470614‐17686473  539188  539206  (AC)^9  Dinucleotide  Forward  538588  539806  chrY:16470614‐17686473:538588to539806 
chrY:16470614‐17686473  709540  709572  (AC)^16  Dinucleotide  Forward  708940  710172  chrY:16470614‐17686473:708940to710172 
chrY:16470614‐17686473  726090  726130  (AAAG)^10  Tetranucleotide  Forward  725490  726730  chrY:16470614‐17686473:725490to726730 
chrY:16470614‐17686473  727868  727884  (AG)^8  Dinucleotide  Forward  727268  728484  chrY:16470614‐17686473:727268to728484 
chrY:16470614‐17686473  829314  829354  (AGAT)^10  Tetranucleotide  Forward  828714  829954  chrY:16470614‐17686473:828714to829954 
chrY:16470614‐17686473  847116  847162  (AC)^23  Dinucleotide  Forward  846516  847762  chrY:16470614‐17686473:846516to847762 
chrY:16470614‐17686473  849254  849322  (AAAG)^17  Tetranucleotide  Forward  848654  849922  chrY:16470614‐17686473:848654to849922 
chrY:16470614‐17686473  891839  891857  (AC)^9  Dinucleotide  Forward  891239  892457  chrY:16470614‐17686473:891239to892457 
chrY:16470614‐17686473  933164  933188  (AAAT)^6  Tetranucleotide  Forward  932564  933788  chrY:16470614‐17686473:932564to933788 
chrY:16470614‐17686473  943728  943758  (ATT)^10  Trinucleotide  Reverse:  complement of AAT  943128  944358  chrY:16470614‐17686473:943128to944358 
chrY:18837846‐19267356  3575  3599  (ACAT)^6  Tetranucleotide  Forward  2975  4199  chrY:18837846‐19267356:2975to4199 
chrY:18837846‐19267356  33806  33830  (AAAG)^6  Tetranucleotide  Forward  33206  34430  chrY:18837846‐19267356:33206to34430 
chrY:18837846‐19267356  46217  46237  (CT)^10  Dinucleotide  Reverse:  complement of AG  45617  46837  chrY:18837846‐19267356:45617to46837 
chrY:18837846‐19267356  50169  50200  (ATCT)^7  Tetranucleotide  Reverse:  complement of AGAT  49569  50800  chrY:18837846‐19267356:49569to50800 
chrY:18837846‐19267356  62057  62075  (AC)^9  Dinucleotide  Forward  61457  62675  chrY:18837846‐19267356:61457to62675 
chrY:18837846‐19267356  86608  86624  (AC)^8  Dinucleotide  Forward  86008  87224  chrY:18837846‐19267356:86008to87224 
  
chrY:18837846‐19267356  120193  120233  (AGAT)^10  Tetranucleotide  Forward  119593  120833  chrY:18837846‐19267356:119593to120833 
chrY:18837846‐19267356  134506  134522  (GT)^8  Dinucleotide  Reverse:  complement of AC  133906  135122  chrY:18837846‐19267356:133906to135122 
chrY:18837846‐19267356  167608  167636  (ATCT)^7  Tetranucleotide  Reverse:  complement of AGAT  167008  168236  chrY:18837846‐19267356:167008to168236 
chrY:18837846‐19267356  211628  211649  (AAT)^7  Trinucleotide  Forward  211028  212249  chrY:18837846‐19267356:211028to212249 
chrY:18837846‐19267356  236024  236042  (AC)^9  Dinucleotide  Forward  235424  236642  chrY:18837846‐19267356:235424to236642 
chrY:18837846‐19267356  361144  361164  (GT)^10  Dinucleotide  Reverse:  complement of AC  360544  361764  chrY:18837846‐19267356:360544to361764 
chrY:18837846‐19267356  381684  381700  (AC)^8  Dinucleotide  Forward  381084  382300  chrY:18837846‐19267356:381084to382300 
chrY:18837846‐19267356  401214  401254  (ATCT)^10  Tetranucleotide  Reverse:  complement of AGAT  400614  401854  chrY:18837846‐19267356:400614to401854 
chrY:21332221‐21916158  33592  33614  (GT)^11  Dinucleotide  Reverse:  complement of AC  32992  34214  chrY:21332221‐21916158:32992to34214 
chrY:21332221‐21916158  37287  37305  (AC)^9  Dinucleotide  Forward  36687  37905  chrY:21332221‐21916158:36687to37905 
chrY:21332221‐21916158  129145  129169  (AC)^12  Dinucleotide  Forward  128545  129769  chrY:21332221‐21916158:128545to129769 
chrY:21332221‐21916158  145591  145635  (AAAG)^11  Tetranucleotide  Forward  144991  146235  chrY:21332221‐21916158:144991to146235 
chrY:21332221‐21916158  229832  229864  (AC)^16  Dinucleotide  Forward  229232  230464  chrY:21332221‐21916158:229232to230464 
chrY:21332221‐21916158  291300  291336  (AC)^18  Dinucleotide  Forward  290700  291936  chrY:21332221‐21916158:290700to291936 
chrY:21332221‐21916158  310620  310636  (AG)^8  Dinucleotide  Forward  310020  311236  chrY:21332221‐21916158:310020to311236 
chrY:21332221‐21916158  310635  310669  (GT)^17  Dinucleotide  Reverse:  complement of AC  310035  311269  chrY:21332221‐21916158:310035to311269 
chrY:21332221‐21916158  355781  355803  (AG)^11  Dinucleotide  Forward  355181  356403  chrY:21332221‐21916158:355181to356403 
chrY:21332221‐21916158  397716  397732  (CT)^8  Dinucleotide  Reverse:  complement of AG  397116  398332  chrY:21332221‐21916158:397116to398332 
chrY:21332221‐21916158  425938  425962  (GT)^12  Dinucleotide  Reverse:  complement of AC  425338  426562  chrY:21332221‐21916158:425338to426562 
chrY:21332221‐21916158  477594  477627  (ATT)^11  Trinucleotide  Reverse:  complement of AAT  476994  478227  chrY:21332221‐21916158:476994to478227 










[mya]  mean  median  ESSa  95% HPDb  
TMRCAc all Pongo   0.426  0.415  3328  0.296–0.576 
TMRCA all Sumatran   0.127  0.124  4197  0.087–0.174 
TMRCA all Bornean   0.113  0.110  3091  0.081–0.149 








[mya]  mean  median  ESSa  95% HPDb  
TMRCAc all Pongo   3.973  3.918  1198  2.352–5.572 
TMRCA all Sumatran  3.973  3.918  1198  2.352–5.572 
TMRCA Langkat–North Aceh/West Alas  0.969  0.950  1426  0.552–1.387 
TMRCA North Aceh–West Alas   0.797  0.788  1469  0.440–1.138 
TMRCA West Alas1–West Alas2   0.306  0.300  2202  0.158–0.452 
TMRCA all Bornean and Batang Toru   2.405  2.401  1276  1.258–3.423 
TMRCA all Bornean   0.159  0.156  1746  0.094–0.227 
TMRCA South Kinabatangan–North Kinabatangan   0.040  0.040  4739  0.017–0.070 
TMRCA Central/West Kalimantan–East K./Sarawak   0.146  0.144  1865  0.081–0.210 
TMRCA East Kalimantan–Sarawak   0.132  0.130  1766  0.080–0.188 
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evolutionary biology, but  remains  a  challenging endeavor. Orangutans  (genus: Pongo),  the 
only  Asian  great  apes,  show  remarkable  geographic  variation  in  various  traits  related  to 
morphology, physiology, and behavioral ecology. A considerable part of this variation is likely 
linked  to  environmental  differences  throughout  the  genus’  range.  Here,  we  studied  the 
genetic  basis  underlying  local  adaptations  in  orangutans  by  analyzing  a  unique  dataset  of 
whole  genomes  of  36  wild‐born  orangutans,  representing  the  entire  extant  geographic 
distribution  of  both  species. We  followed  several  different  strategies  to  detect  genomic 
footprints  of  selection,  including  window‐based  genome  scans  to  identify  putative  hard 
sweeps, the joint inference of outlier single‐nucleotide polymorphisms (SNPs) and population 
structure using a hierarchical factor model, and the functional characterization of fixed SNPs 
between  species. Our  results,  for  instance,  indicate  that Bornean orangutans,  in particular 
those in the northeast of the island, may exhibit adaptation pertaining to energy storage (i.e. 
adipose  tissue) metabolism. This  finding  is  compatible with  the observed greater ability of 
Bornean  orangutans  to  deposit  large  fat  storages  comparted  to  those  on  Sumatra  to 
potentially allow physiological buffering against starvation during severe El Niño periods. We 
also  identified  several  candidate  genes  and  biological  processes  related  to  neurogenesis, 
which  is  in  line with  the smaller brain  size of Bornean orangutans, and may also  represent 
genetic  adaptation  to  survive  prolonged  lean  periods  by  reducing  costs  of metabolically 
expensive  brain  tissue.  In  contrast,  in  Sumatran  orangutans, which  do  not  face  the  same 
environmental constrains and have more favorable energy budgets, we found signatures of 
potential adaptive evolution within genes  related  to  learning and adult brain plasticity,  the 
oxytocin pathway, heart development, and hearing. We hypothesize that selective changes in 
some of these genes may provide Sumatran orangutans a framework for extended behavioral 
plasticity  linked  to  their  larger  and  more  complex  cultural  repertoire  and  their  higher 
sociability.  Overall,  our  results  suggest  that  at  least  some  of  the  geographic  variation  in 
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6.2 Introduction 
Establishing  the  genetic  basis  of  traits  involved  in  local  adaptation  is  a  major  goal  of 
evolutionary  biology,  particularly  to  understand  how  organisms  adapt  to  temporally  and 
spatially  varying  environments  (Kawecki  &  Ebert  2004;  Stapley  et  al.  2010).  Ultimately, 
knowledge  about  adaptive  divergence will  help  to  disentangle  the  relative  importance  of 
natural  selection,  genetic  drift  and  other  evolutionary  forces  in  the  process  of  speciation 
(Pardo‐Diaz et al. 2014; Seehausen et al. 2014).  
Until  recently,  studying  genetic  targets  of  selection  in  natural  populations  was 
methodologically limited to the examination of individual candidate genes (Sabeti et al. 2006). 
The  emergence  of  high‐throughput  sequencing,  however,  has  transformed  our  ability  to 
identify  the  genes  underpinning  adaptation  (Storz  2005;  Akey  2009).  Rapid  progress  in 
sequencing  techniques,  bioinformatical  analysis  and  theoretical  frameworks  makes  it 
increasingly possible to detect signatures of selection across the entire genome in population 
samples  (Ellegren 2014). Reverse  genetics  (i.e.  genome  scan)  approaches  allow  identifying 
genomic  regions  with  footprints  of  selection  even  without  a  prior  knowledge  of  the 
associated phenotype  (e.g.  reviewed  in Bank  et al. 2014; Pardo‐Diaz  et al. 2014). Extensive 
population‐level  genome  scans  have  for  instance  yielded  important  insights  into  local 









physiology,  life history, behavioral ecology, and social organization  (compiled  in Wich  et al. 




(van  Schaik  et  al.  2009b;  Wich  et  al.  2009b;  there  is  insufficient  data  on  one  Bornean 
subspecies, Pongo  P.  pygmaeus)  largely  follows a west–east gradient  (Figure 1) across  the 













Borneo  have  to  cope with marked  fluctuations  in  fruit  availability,  including mast  fruiting 
events where short periods of overabundance of  fruit are  followed by extended periods of 
low  fruit production  (Wich et al. 2006; Morrogh‐Bernard et al. 2009; Kanamori et al. 2010; 
Wich  et  al.  2011b).  Especially  in  east  and  northern  Borneo  (range  of  P.  p.  morio)  habitat 
quality is further lowered by effects caused by the El Niño‐Southern Oscillation phenomenon 
(ENSO)  (Philander  1983), which  likely  has  been  active  since  at  least  the  Late  Pleistocene 
(Philander 1983; Allan et al. 1996; Nipperess 2015). Prolonged droughts and forest fires that 





extent  (Knott  1998;  Morrogh‐Bernard  et  al.  2009).  Taken  together,  this  environmental 
gradient likely causes considerable adaptive pressure on orangutans from different regions. 
Linked  to  the differences  in habitat quality, orangutan population densities decrease  from 
west to east (Husson et al. 2009; Marshall et al. 2009). Furthermore,  in the same direction, 
we  see an  increase  in mandibular  robusticity and probably  tooth enamel  thickness  (Taylor 
2006;  Taylor  2009),  whereas  both  absolute  and  relative  brain  size  of  female  orangutans 
significantly decrease  (Taylor & van Schaik 2007; C. P. van Schaik 2010, unpublished data). 
Orangutans also differ in their physiology. Studies measuring ketone bodies excreted in urine 








data). These differences are again most pronounced between Sumatran  (P.  abelii) and  the 
northeastern Bornean  orangutans  (P.  p. morio). Among  the most  striking  examples  of  the 
broad variation  in orangutan phenotypes are also the higher sociability and social tolerance 
of Sumatran orangutans (van Schaik 1999; van Schaik 2004; Knott et al. 2008; Mitra Setia et 
al.  2009; Weingrill  et  al.  2011),  as  well  as  their  larger  cultural  repertoire  comparted  to 
Bornean orangutans (van Schaik 2004; van Schaik et al. 2009a; Krützen et al. 2011).  




within  two  closely‐related  great  ape  species.  So  far,  signatures  of  positive  selection  in 
orangutan genomes have mainly been examined at  the genus‐wide  level,  i.e. selection that 
has  acted  along  the Pongo  lineage  since  their divergence  from  the  last  common  ancestor 
with  the African great apes  (Locke  et  al. 2011; Ma  et  al. 2013). Here, we present  the  first 
genome‐wide scans for positive selection within the genus Pongo, relying on a unique dataset 
of  whole  genomes  of  36  wild‐born  orangutans  representing  the  entire  geographic 
distribution of both species (Figure 1, Table 1). We used several complementary approaches 
to  identify  potential  footprints  of  local  adaptation  in  orangutan  genomes  and  investigate 
what  differentiates  the  two  species  at  the  level  of  the  genome. We  analyzed  patterns  of 
genetic  variation  among  orangutans  to  identify  genomic  regions with  signatures  of  strong 
hard sweeps, i.e. genetic hitchhiking associated with selection driving a single newly arising or 
















6.3 Materials and Methods 




complete  representation  of  extant  orangutan  populations  (Figure  1),  we  complemented 
previous  sequencing  efforts  by  sequencing  genomes  of  11  wild‐born  orangutans.  We 
analyzed the novel genomes together with 20 genomes previously sequenced by Locke et al. 
(2011,  n=10)  and  Prado‐Martinez  et  al.  (2013,  n=10).  Furthermore,  we  added  five 
unpublished genomes previously sequenced by Prado‐Martinez et al. (2013). Mean effective 













P. abelii  Langkat  0 4  2  6 
P. abelii  North Aceh  1 1  0  2 
P. abelii  West Alas   4 0  2  6 
P. abelii  Batang Toru   1 0  1  2 
P. p. morio  South Kinabatangan   2 0  0  2 
P. p. morio  North Kinabatangan   2 0  0  2 
P. p. morio  East Kalimantan   2 0  1  3 
P. P. pygmaeus  Sarawak   2 1  1  4 
P. p. wurmbii  Central/West Kalimantan   2  4  3  9 
aincluding unpublished genomes sequenced by Prado‐Martinez et al. (2013) 
 
Identification of candidate loci for positive selection 
To  study  the  genetic  basis  of  phenotypic  differences  among  orangutans, we  applied  both 
single SNP and window‐based approaches, which are outlined below. While  the analysis of 
single  SNPs  may  provide  important  insights  into  actual  functional  changes  in  coding 
sequences, window‐based genome  scans allow detecting  selective  sweep patterns and can 
account  to  a  certain  degree  for  demographic  factors  and  other  sources  of  variation  by 
averaging  statistics over  a  larger number of  SNPs  (Excoffier  et  al. 2009; Bazin  et  al. 2010; 
Lawson et al. 2012). 
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Window-based whole-genome scans 
We first searched for species‐specific hard sweep patterns through windowed whole‐genome 
scans  of  several  population  genetic  summary  statistics.  For  this  analysis, we  excluded  the 
Batang  Toru  population,  which  is  the  only  remaining  population  south  of  Lake  Toba  on 
Sumatra.  Batang  Toru would  need  to  be  treated  as  a  separate  unit  since  they  are  highly 
distinct  from  the  other  Sumatrans  for  both  the  autosomal  and  mitochondrial  genome 
(Chapters 4 and 5). Unfortunately, the low sample size (n = 2) for Batang Toru does currently 
not permit such an analysis. 
We performed  genome  scans on  a per‐chromosome basis  in  sliding windows with 100  kb 
length  and  25  kb  step  size  using  custom  Perl  scripts  (available  upon  request),  For  each 
genome  position,  we  required  at  least  10  genotypes  (i.e.  individuals)  per  species  with  a 
minimal  sequence depth of 5x, otherwise  sites were  coded as missing. Windows with  less 
than 33.3 kb (1/3) valid sites after this filtering were excluded from analysis. For each window, 
we calculated the following summary statistics as mean values over all available sites within 
the window:  (i) between‐species population differentiation  (FST),  (ii)  the proportion of  fixed 
differences between  species  (df),  (iii) mean pairwise  sequence divergence between  species 
(dxy),  (iv)  within‐species  nucleotide  diversity  (π)  based  on  the  mean  number  of  pairwise 
sequence differences, (v) Watterson estimator of θ within‐species based on the proportion of 
segregating sites (θW) (Watterson 1975), and (vi) within‐species Tajima's d (Tajima 1989).  
FST is  a  relative measure  of  differentiation  dependent  on  the  between‐  and within‐species 
genetic diversity, and was estimated according to Nei (1973). df was calculated as the number 
of  fixed  between‐species  differences within  each window  divided  by  the  total  number  of 
available sequence for this window. A site was considered to be fixed between species  if all 
Bornean orangutans were homozygous  for one allele and all Sumatran orangutans  for  the 
other allele. dxy was also measured per site within each window, as mean pairwise nucleotide 
difference between all pairs of  chromosomes  from different  species. Within‐species π was 























  P‐value = 0.01 P‐value = 0.10 P‐value = 0.05 
P. pygmaeus  0.000152757 0.000338559 0.000601208 
P. abelii  0.000407843 0.000712784 0.001060288 
 
 
Candidate gene information 
We  identified protein‐coding genes  located within putative sweep regions with the BioMart 
web‐interface  (Kasprzyk  2011)  of  the  Ensembl  genome  browser 
(http://www.ensembl.org/biomart/),  searching  the  'Pongo  abelii  genes'  dataset  (Ensembl 
release  78). We  further  gathered  detailed  information  on  identified  protein‐coding  genes 
using GeneALaCart  (LifeMap Sciences,  Inc.), which allows extracting  information on a  large 
number of genes from the GeneCards encyclopedia—an  integrated database of  information 
dealing with human genes (https://genealacart.genecards.org/; last accessed March 5th 2015; 
Safran  et  al.  2010).  We  obtained  GeneCards  summaries  of  gene  function  and  disease 
association annotations from the following major knowledge databases: Entrez Gene of the 
National  Center  for  Biotechnology  Information  (NCBI),  UniProt  Knowledgebase 
(UniProtKB/Swiss‐Prot),  The  Human  Malady  Compendium  (MalaCards),  and  DISEASES 
database (disease‐gene associations mined from literature). 
Analyses at SNP-level 
Fixed SNPs between species 
We investigated fixed SNPs between species in more detail, i.e. SNPs for which all Borneans 
were homozygous for one allele and all Sumatrans for the other (again excluding the Batang 
Toru  population). We  only  considered  SNP  positions  which  were  covered  by  at  least  10 
genotypes  per  species with  a minimal  sequence  depth  of  5x  (n  =  27,037,765  SNPs)  and 
identified fixed SNPs with custom R scripts. To characterize the effects of fixed SNP variants 
on genes, transcripts, and protein sequence we used the Variant Effect Predictor (McLaren et 
al.  2010)  implemented  in  the  Ensembl  genome  browser 
(http://www.ensembl.org/info/docs/tools/vep/).  For  all  genes  containing  at  least  one  non‐
synonymous fixed SNP, we obtained again detailed functional information with GeneALaCart. 
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PCAdapt analysis 
Finally,  we  identified  candidate  SNPs  potentially  involved  in  local  adaptation  by  jointly 
inferring  population  structure  and  outlier  loci  with  the  program  PCAdapt  v1.6  (Duforet‐
Frebourg et al. 2014). We run the fast implementation of PCAdapt that is based on principal 
component  analysis  (PCA)  and  suitable  for  genome‐wide datasets  (Duforet‐Frebourg  et  al. 
2015). PCAdapt captures population structure by K principal components (PCs) and identifies 
outlier loci as SNPs that are excessively related to one of the PCs.  






only).  In  both  analyses,  we  ranked  SNPs  based  on  their  squared  loadings  (p2)  (Duforet‐
Frebourg et al. 2015) with the first PC, i.e. the correlations between the genotypes at a given 
SNP  and  PC1. We  ranked  SNPs  according  to  PC1  because  we  were mainly  interested  in 
selection occurring along this axis, which separated Bornean and Sumatran orangutans in the 
between‐species  analysis,  and  P.  p.  wurmbii  from  P.  P.  pygmaeus  and  P.  p.  morio  in  the 
within‐Borneo  analysis,  respectively  (see  Results).  For  the  between‐species  analysis,  we 
selected the 1% highest‐ranking SNPs as outlier candidates,  for the analysis within Bornean 
orangutans we used only  the  top 0.5% SNPs since considerably  fewer selection  targets are 
expected within than between species.  
Gene ontology enrichment analyses 
To  examine whether  genes within  putative  selective  sweep  regions  (i.e.  candidate  genes) 
were  enriched  for  any  particular  biological  process,  we  performed  an  analysis  of  Gene 
Ontology (GO) terms using the R package  'gProfileR' of the g:Profiler toolkit (Reimand et al. 
2007; Reimand et al. 2011). Significance was assessed by comparing the candidate genes with 
a  background  list  of  all  possible  genes,  i.e.  all  protein‐coding  genes  (n  =  12,866)  located 
within any window of the genome scan. We applied the default g:SCS method (Reimand et al. 
2011)  for  computing multiple  testing  correction  for  P‐values  gained  from GO  enrichment 
analysis.  
We  also  performed GO  enrichment  analyses  for  the  identified  candidate  SNPs  of  the  two 
PCAdapt  analyses  as well  as  for  all  fixed  SNPs  between  species.  For  these  SNP‐based GO 
analyses, we used the program GOWINDA (Kofler & Schlötterer 2012)—a software that was 
designed for genome‐wide association studies. Classical GO analyses may be biased as longer 
genes  typically  have  more  SNPs,  thus  a  higher  probability  of  being  sampled  (Kofler  & 





for  all  protein‐coding  genes  in  the  orangutan  genome  from  the  BioMart  web‐interface 
(accessed October 5th 2014) and converted the file to the format required by GOWINDA in R. 
We ran GOWINDA  for each candidate SNP set separately as  following:  the  list of candidate 
genes  was  built  from  genes  which  contained  at  least  one  candidate/fixed  SNP  within  a 
window of 5,000 bp upstream and downstream of the gene. Including these flanking regions 
ensured  to  capture also  SNPs within  close‐by  regulatory elements  (Blanchette  et  al. 2006; 
ENCODE Project Consortium 2012). The background list of genes for significance assessment 
was  derived  from  all  SNPs  used  in  the  PCAdapt  analysis  or  to  identify  the  fixed  SNPs, 
respectively. We applied  the recommended more conservative  '–gene  flag', which assumes 
that  all  SNPs within  a  gene  are  completely  linked.  Significance  thresholds  (P  <  0.05)  after 
false‐discovery rate (FDR) correction were obtained empirically based on 100,000 simulations.  
6.4 Results  
Window-based genome scans  











Statistic  Total  P. pygmaeus  P. abeliib 
FST  0.201 ± 0.084  /  / 
df (x10
‐3)  0.030 ± 0.110  /  / 
dxy (x10
‐3)  3.088 ± 1.083  /  / 
π ± s.d. (x10‐3)  2.505 ± 0.939  1.741 ± 0.924  2.286 ± 0.886 
θWb± s.d. (x10‐3)  2.125 ± 0.715  1.231 ± 0.620  1.759 ± 0.698 
Tajima's d (x10‐3)  0.380 ± 0.336  0.509 ± 0.364  0.527 ± 0.291 
a± standard deviation 
bexcluding the Batang Toru population  
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Figure  2. Distribution  of windowed  population  genetic  summary  statistics  along  chromosome  1 
(example  chromosome).  Summary  statistics  (y‐axis)  were  averaged  in  windows  of  100  kb  length, 
sliding  in  25  kb  steps  along  the  chromosome  (x‐axis).  Plotted  are  the  between‐species  population 
differentiation  (FST),  the  density  of  fixed  differences  between  species  per  base  pair  (df),  the mean 
pairwise  between‐species  sequence  divergence  (dxy),  the  within‐species  nucleotide  diversity  for 
Bornean  (πPP) and Sumatran orangutans  (πPA), the within‐species Watterson estimator  (θW_PP/PA), and 
within‐species Tajima's d (dPA/PP). The dashed black line indicates windows above the 99th percentile of 




Candidate genes in Bornean orangutans 
In 161 of the top 1% FST windows (n = 925), π was significantly (P < 0.05) reduced exclusively 
in  Bornean  orangutans,  designating  putative  species‐specific  selective  sweeps  (Figure  3, 
Online  Supporting  Table  SO3). Windows  clustered  in  71  genomic  regions with  an  average 
length of 132 kb (median = 125 kb; range = 100 to 600 kb). In total, candidate sweep regions 
covered 9.5 Mb or 0.33% of the haploid autosomal genome. Within putative selective sweep 
regions, we  identified  113  protein‐coding  genes  of which  15 were  uncharacterized  novel 
genes in the genus Pongo (identified by Ensembl Gene Build). We did not find significant (P < 
0.05) GO enrichment  categories  for protein‐coding  genes  located within putative  selective 
sweep  regions after correction  for multiple  testing, which might be explained by  two main 
factors: first, sweep regions also contain genes that are  likely not target of selection  leading 
to  dilution  of  the  signal.  Second,  out  of  20,424  protein‐coding  genes  in  the  orangutan 
genome  only  13,229  genes  have  an  assigned  'biological  processes'  GO  term.  Detailed 






transcription  repression  factor  that  plays  an  important  role  in  the  development  of  the 
telencephalon as well as in the establishment of regional subdivision of the developing brain 
by controlling neurogenesis (Hébert & McConnell 2000; Martynoga et al. 2005; Kortüm et al. 
2011).  Mutations  in  FOXG1  cause  severe  microcephaly  (Kortüm  et  al.  2011).  Another 
candidate  gene  is  POMGNT1, which  encodes  a  type  II  transmembrane  protein. Missense 
mutations  in  POMGNT1  cause  muscle‐eye‐brain  disease  and  Walker–Warburg  syndrome 
characterized by severe brain and eye abnormalities  (Hanemaaijer et al. 2009; Saredi et al. 
2012).  
Lipid and glucose metabolism 
We also identified several candidate genes associated with lipid and glucose metabolism. For 
example, PIK3R3 directly  interacts with the  Insulin‐like growth factor 1 receptor  in humans, 





regulates  norepinephrine  homeostasis.  Norepinephrine  is  a  stress  hormone  and  directly 
increases  heart  rate,  triggering  the  release  of  glucose  from  energy  stores,  and  increasing 
blood  flow  to skeletal muscle.  Increase  in norepinephrine  levels may be an  initial signal  for 
metabolic changes in early starvation (e.g. Zauner et al. 2000; Patel et al. 2002; Goldstein et 
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al.  2011;  Gagnon  &  Anini  2013).  Mutations  in  the  SLC6A2  gene  also  cause  orthostatic 
intolerance,  a  syndrome  characterized  by  lightheadedness,  fatigue,  altered mentation  and 
syncope. Another gene located within the 20 top‐ranking sweep windows was KIAA1109. The 
function of KIAA1109 is largely unknown, but it has been associated with type 1 diabetes (The 
Wellcome  Trust  Case  Control  Consortium  2007;  Barrett  et  al.  2009),  as  well  as  with 
susceptibility to celiac disease in humans (van Heel et al. 2007; Zhernakova et al. 2007). The 
encoded protein of KIAA1109  is similar to a hamster protein that  is known to play a role  in 
adipocyte differentiation (Wei et al. 2006). 





genus Pongo, were  located within putative  sweep  regions. As  for Bornean orangutans, we 
found  no  significantly  (P  <  0.05)  enriched  GO  categories  for  candidate  genes.  Detailed 
functional  information  on  all  candidate  genes  for  Sumatran  orangutans  is  given  in Online 
Supporting Table SO6. 
Heart function 
Two  out  of  five  genes  located within  the  20  highest‐ranking  putative  sweep windows  are 
related to heart function (Tables 4 and 5). One of them, EPHA3, is located within the largest 
putative  selective  sweep  region  in  Sumatran  orangutans,  covering  17  out  of  the  20  top 
windows and spanning  in total 1.25 Mb on chromosome 3  (chr3: 56,150,000 – 57,400,000; 
Online  Supporting  Table  SO5).  EPHA3  is  the  only  protein‐coding  gene  located within  this 
region  and  encodes  a  protein‐tyrosine  kinase  belonging  to  the  ephrin  receptor  subfamily. 
EPHA3  receptor  signaling  plays  a  critical  role  in  heart  development,  in  particular  in  the 
formation of the atrioventricular canal and septum (Stephen et al. 2007; Frieden et al. 2010). 
The  second  gene  related  to  heart  function  in  the  top‐ranking  windows  was  the 
transmembrane  protein  43  (TMEM43).  Defects  in  TMEM43  cause  arrhythmogenic  right 
ventricular cardiomyopathy  type 5, which  is characterized by ventricular  tachycardia, heart 
failure, sudden cardiac death, and  fibrofatty  replacement of cardiomyocytes  (Merner  et al. 
2008; Baskin et al. 2013). 
Social behavior, learning and lactation 
We also identified candidate genes related to social behavior, lactation, and learning. Among 
the genes  in  the 20  top‐ranking  sweep windows  (Tables 4 and 5) was  for example TNPO1, 
which  is a  carrier protein  transporting  substrates between  the  cytoplasm and  the nucleus. 
TNPO1 is the primary carrier for oxytocin receptor (OXTR) nuclear transport (Di Benedetto et 




the physical development of  the human neocortex as well as  social  learning  (Leuner  et  al. 
2012; reviewed in Carter 2014).   
Other  candidate genes  in  Sumatran orangutans are of  critical  importance  for  learning and 
adult brain plasticity. For example, the gene ATAD1 regulates the surface expression of AMPA 
receptors,  thereby playing a  central  role  in hippocampus‐dependent  learning and memory 
(Whitlock et al. 2006; Keifer & Zheng 2010; Mitsushima et al. 2011). Another gene, T‐brain‐1 
(TBR1),  is a  crucial neuron‐specific  transcription  factor  for  forebrain development. The up‐
regulation of TBR1 expression requires in turn the activation of AMPA receptors, regulated by 




Sumatran candidate genes was also  the cell division protein kinase 6  (CDK6), which  is a key 








(1–22),  the  distribution  of windowed  FST  is  plotted  (grey  dots).  The  x‐axis  represents  the  genomic 
position, the y‐axis the average FST values for 100‐kb windows. Putative selective sweep windows are 











Chromo  Start  End  FST  dxy  πPP  πPA  P‐valuea 
Log10 
(πPP/πPA)  Gene(s) 
P. pygmaeus                         
chr1  52825000  52925000  0.50450  0.00253  0.00023  0.00132  **  ‐0.76588  DENND1B 
chr2b  13100000  13200000  0.49600  0.00260  0.00026  0.00137  **  ‐0.72085  CLASP1 
chr2b  89725000  89825000  0.55789  0.00246  0.00022  0.00109  **  ‐0.69826  / 
chr3  34000000  34100000  0.50791  0.00358  0.00022  0.00194  **  ‐0.94471 
/ chr3  34025000  34125000  0.58823  0.00414  0.00027  0.00175  **  ‐0.80897 
chr3  34050000  34150000  0.65083  0.00413  0.00026  0.00141  **  ‐0.73615 
chr3  34075000  34175000  0.70944  0.00389  0.00021  0.00106  **  ‐0.70983 
chr4  93025000  93125000  0.59039  0.00335  0.00028  0.00136  **  ‐0.69171  TIGD2 
chr4  126800000  126900000  0.50686  0.00228  0.00015  0.00123  ***  ‐0.92112  KIAA1109 
chr4  126825000  126925000  0.52654  0.00211  0.00013  0.00108  ***  ‐0.91893 
chr4  148700000  148800000  0.51863  0.00315  0.00031  0.00156  **  ‐0.70553  ENSPPYG00000015089 
chr4  158450000  158550000  0.55293  0.00263  0.00021  0.00121  **  ‐0.75850  TIGD4 
chr8  36200000  36300000  0.51582  0.00601  0.00042  0.00314  *  ‐0.87749   /  
chr8  36225000  36325000  0.55842  0.00546  0.00034  0.00255  **  ‐0.88088 
chr12  96375000  96475000  0.57643  0.00302  0.00021  0.00132  **  ‐0.79573  VEZT 
chr12  96400000  96500000  0.58628  0.00305  0.00021  0.00129  **  ‐0.79463 
chr13  92425000  92525000  0.50996  0.00457  0.00022  0.00251  **  ‐1.06146   / 
chr16  42725000  42825000  0.51177  0.00343  0.00011  0.00191  ***  ‐1.23547 
LPCAT2/ 
SLC6A2 chr16  42750000  42850000  0.52615  0.00380  0.00014  0.00202  ***  ‐1.14615 
chr16  42775000  42875000  0.52507  0.00374  0.00026  0.00190  **  ‐0.87111 
P. abelii                         
chr3  1525000  1625000  0.53167  0.00358  0.00190  0.00041  **  0.66860  TMEM43/ 
CHCHD4/XPC chr3  1550000  1650000  0.50944  0.00300  0.00173  0.00035  ***  0.69577 
chr3  56150000  56250000  0.50361  0.00562  0.00341  0.00056  **  0.78090 
chr3  56175000  56275000  0.56290  0.00579  0.00311  0.00034  ***  0.96707 
chr3  56200000  56300000  0.56483  0.00651  0.00341  0.00043  **  0.89936 
EPHA3 chr3  56225000  56325000  0.52815  0.00609  0.00341  0.00058  **  0.76594 
chr3  56675000  56775000  0.56531  0.00477  0.00236  0.00043  **  0.73830 
chr3  56800000  56900000  0.52658  0.00489  0.00300  0.00027  ***  1.04298 
chr3  56825000  56925000  0.51931  0.00472  0.00295  0.00027  ***  1.03172 
chr3  56850000  56950000  0.51605  0.00466  0.00296  0.00025  ***  1.06841 
chr3  56900000  57000000  0.54181  0.00563  0.00297  0.00057  **  0.71896 
chr3  56925000  57025000  0.54631  0.00580  0.00304  0.00056  **  0.73193 
chr3  56950000  57050000  0.55603  0.00604  0.00306  0.00058  **  0.71902 
chr3  56975000  57075000  0.57688  0.00601  0.00301  0.00041  ***  0.87137 
chr3  57000000  57100000  0.50828  0.00553  0.00364  0.00027  ***  1.12386 
chr3  57125000  57225000  0.50876  0.00477  0.00302  0.00033  ***  0.95592 
chr3  57150000  57250000  0.53021  0.00490  0.00286  0.00036  ***  0.90208 
chr3  57175000  57275000  0.52962  0.00450  0.00258  0.00037  ***  0.84250 
chr3  57225000  57325000  0.49330  0.00398  0.00245  0.00044  **  0.74114    
chr5  72875000  72975000  0.49441  0.00193  0.00121  0.00019  ***  0.80272  TNPO1 
aSignificance level of within‐species π reduction (*: P < 0.5; **: P < 0.1; ***: P < 0.01)   






























Differentiation of Bornean and Sumatran orangutans at SNP-level 
In  a  complementary  approach  to  the  window‐based  scans  to  identify  putative  selective 
sweeps, we  characterized what differentiates  the  two orangutan  species at  the  single SNP 
level, either by genetic drift or the impact of directional selection.  
Fixed SNPs between orangutan species 
Out of 27,037,765 analyzed autosomal SNPs, 123,023 SNPs  (0.455%) were completely  fixed 
for  different  alleles  in  Bornean  and  Sumatran  orangutans  (Online  Supporting  Table  SO7). 
Because we  lack  the ancestral state  information  for SNPs, we cannot make any statements 
about  in which orangutan species the derived allele got fixed. Of all fixed SNPs, 39.9% were 
located within 5 kb of a protein‐coding gene, indicating an enrichment of fixed SNPs in gene 
and  regulatory  regions  (Online  Supporting  Table  SO8). Gene  ontology  analysis  of  protein‐
coding genes  containing  fixed SNPs  (3,889 genes)  revealed  statistically  significant  (P FDR < 
0.05) enrichment of 19 biological GO categories (Online Supporting Table SO10).  In Table 6, 





50  top‐ranking  terms  (out  of  6,409  terms).  The  significantly  enriched  GO  terms  were 
associated with brain development (n = 2), skeletal development (n = 3), metabolism (n = 5), 
organismal  development  (n  =  4),  and  regulation  of  transcription  (n  =  3).  Enriched  gene 
ontologies  include  for  example  two  terms  possibly  associated  with  differences  in  diet 
between  Bornean  and  Sumatran  orangutans,  i.e.  the  sensory  perception  of  taste  and  the 
response to stilbenoid. Stilbenoids are a class of plant phenolics occurring  in the wood and 













Brain development                   
GO:0021797 forebrain anterior/posterior pattern specification 0.00165 0.08852§ 5/5 3/5 42 
GO:0021938 smoothened signaling pathway involved in regulation of cerebellar 
granule cell precursor cell proliferation 
0.04976 0.03727 4/4 4/4
Skeletal development                   
GO:0035116 embryonic hindlimb morphogenesis 0.11589§ 0.02289 15/28 18/28 47 
GO:0048706 embryonic skeletal system development 0.01067 0.07440§ 19/39 19/38 32 
GO:0060348 bone development 0.01067 0.00589 26/38 29/38
Metabolism                   
GO:0050909 sensory perception of taste 0.00605 0.04735 14/31 14/31
GO:0035634 response to stilbenoid 0.11589§ 0.02248 5/6 6/6 50 
GO:0051453 regulation of intracellular pH 0.04083 0.04516 6/7 6/7
GO:0072001 renal system development 0.04632 0.03727 11/18 12/18
GO:2000377 regulation of reactive oxygen species metabolic process 0.02304 0.03804 12/17 13/17
Organismal development  
GO:0007275 multicellular organismal development 0.00165 0.00270 88/188 92/188
GO:0009952 anterior/posterior pattern specification 0.00165 0.01467 41/87 44/87
GO:0009953 dorsal/ventral pattern formation 0.03875 0.02248 23/43 27/43
GO:0061154 endothelial tube morphogenesis 0.04868 0.04516 4/4 4/4
Regulation                   
GO:0000122 negative regulation of transcription from RNA polymerase II promoter  0.01637 0.01467 181/460 217/460
GO:0045944 positive regulation of transcription from RNA polymerase II promoter 0.00165 0.00270 280/702 339/699







Fixed non-synonymous SNPs between species  
Among the 123,023 SNPs fixed between Bornean and Sumatran orangutans, 296 SNPs were 
non‐synonymous,  i.e.  altered  amino  acids,  and  three were  splice  donor/acceptor  variants 
(Online Supporting Table  SO8). A proportion of  these SNPs  likely  represent  causal  variants 
underlying  phenotypic  differences  between  the  two  orangutan  species.  Fixed  non‐
synonymous SNPs altered 236 protein‐coding genes, of which 28 were uncharacterized novel 
genes in Pongo (identified by Ensembl Gene Build). Two fixed non‐synonymous SNPs resulted 
in  gain  of  a  premature  stop  codon  (loss‐of‐function mutations)  in  the  genes  ARGFX  and 
ZNF224.  ARGFX  is  a  putative  transcription  factor  and  thought  to  be  involved  in  early 
embryonic development. ZNF224 may be  involved  in transcriptional regulation as repressor. 
We identified further loss‐of‐function mutations in splicing regions, which affected the gene 
SRBD1  (splice  donor  variant), whose  function  remains  unknown,  and  two  uncharacterized 
novel genes  (ENSPPYG00000010361, ENSPPYG00000000950). We did not  find significant  (P 
FDR  <  0.05)  enrichment  of  genes  with  potential  functional  changes  for  any  particular 
biological  GO  term.  Detailed  functional  and  disease  association  information  of  all  genes 
containing  fixed  non‐synonymous  SNPs  or  splice  acceptor/donor  variants  are  provided  in 
Online Supporting Table SO10.   
Seven of the genes with potential functional changes were  located within putative selective 
sweep  regions  in  Bornean  orangutans,  and  nine  within  candidate  regions  of  Sumatran 
orangutans  (Tables  7  and  8). We  have  not modeled  the  functional  consequences  of  the 
identified non‐synonymous mutations on protein structure  for  these genes. Also,  the exact 




orangutans, we  recaptured  the  gene  TMEM43, which was  also  located within  the 20  top‐
ranking sweep windows and is related to heart function. Also associated with heart function 
is the gene CD46 (Cho et al. 2009; den Hoed et al. 2013), though is also involved in immune 
response  to  pathogens.  Three  other  genes  in  Sumatran  orangutans  (SOX6,  CTTNBP2,  and 

















SNP  AAa  Codons  FST  dxy  πPP  πPA  P‐valueb  
P. pygmaeus                         
TRMT10C  chr3  31,568,016  I/V  Att/Gtt  0.49874  0.00290  0.00033  0.00149  ** 
KIAA1109  chr4  126,951,069  S/T  aGc/aCc  0.52654  0.00211  0.00013  0.00108  *** 
IPO11  chr5  64,001,046  T/A  Aca/Gca  0.64024  0.00494  0.00052  0.00157  * 
SPDL1  chr5  172,277,724  Q/P  cAa/cCa  0.55216  0.00258  0.00034  0.00108  * 
FANCC  chr9  91,206,204  N/H  Aat/Cat  0.51587  0.00278  0.00030  0.00136  ** 
SMAD4  chr18  63,515,622  N/S  aAc/aGc  0.62305  0.00418  0.00035  0.00150  * 
SMC1B  chr22  40,782,034  R/Q  cGa/cAa  0.52602  0.00291  0.00035  0.00135  * 
    40,804,594  E/D  gaG/gaC           
P. abelii                            
AHCTF1  chr1  2,121,249  S/N  aGt/aAt  0.50054  0.00262  0.00081  0.00092  * 
CD46  chr1  42,344,323  G/R  Gga/Aga  0.49662  0.00289  0.00101  0.00093  * 
GPSM2  chr1  119,345,368  R/K  aGa/aAa  0.51932  0.00279  0.00134  0.00050  ** 
EXOSC10  chr1  219,261,855  H/R  cAt/cGt  0.51061  0.00279  0.00084  0.00095  * 
SRBD1§  chr2a  65,901,739  /  /  0.61086  0.00346  0.00063  0.00100  * 
TMEM43  chr3  1,617,935  I/L  Att/Ctt  0.50944  0.00300  0.00173  0.00035  *** 
PEX1  chr7  83,653,328  V/I  Gtc/Atc  0.49174  0.00215  0.00079  0.00068  ** 
CTTNBP2  chr7  114,285,330  I/V  Atc/Gtc  0.59575  0.00340  0.00063  0.00105  * 
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Between-species PCAdapt analysis  
We  further  identified candidate SNPs  for  local adaptation based on PCA as  implemented  in 
the  PCAdapt  software.  PCAdapt  was  able  to  capture  previously  characterized  orangutan 
population  structure  (Figure 4, cf. Chapter 4). As expected,  the  first PC  separated Bornean 
and Sumatran orangutans and the second PC Sumatran orangutans north of Lake Toba and 
Batang Toru to the south of  it.  In this exploratory study, we focused on selection along the 
axis  of  PC1,  i.e.  between  Bornean  and  Sumatran  orangutans.  Gene  ontology  enrichment 
analysis  of  the  1%  top‐hit  SNPs  (n  =  161,043; Online  Supporting  Table  SO11)  revealed  29 











PCAdapt analysis within Bornean orangutans 
In light of the phenotypic differences between P. p. wurmbii and P. p. morio, we performed a 
second PCAdapt analysis exclusively within Bornean orangutans. PCAdapt correctly  inferred 
extant  orangutan  population  structure  (Figure  5,  cf.  Chapter  4).  The  first  PC  separated 
orangutans  of  Central/West  Kalimantan  from  the  populations  in  Northeastern  and 
Northwestern  Borneo.  The  second  PC  distinguished  the  Sabah  populations  from  the  East 




Online Supporting Table SO13)  revealed  six  significantly enriched GO  terms  (P FDR < 0.05; 
Table  7;  Online  Supporting  Table  SO14). We  found  an  enrichment  of  genes  involved  in 
forebrain  neuron  development  (Table  7).  Furthermore,  four  GO  terms  were  directly  or 
indirectly associated with  lipid and glucose metabolism. Many genes with high‐ranking SNPs 
of  the GO  term  'regulation of  cell  size' are  for  instance  involved  in metabolism: WDTC1  is 
associated with obesity, RPTOR encodes a component of a signaling pathway that regulates 
cell  growth  in  response  to  nutrient  and  insulin  levels,  and  ATP2B2  plays  a  critical  role  in 
intracellular calcium homeostasis.  In addition, most of the genes associated with  the  terms 
'monoterpenoid  metabolic  process'  and  'drug  catabolic  process'  are  members  of  the 
cytochrome  P450  superfamily  and  catalyze  reactions  involved  in  synthesis  of  cholesterol, 
steroids,  and  other  lipids.  Expression  of  these  genes  is  induced  by  glucocorticoids  and 
starvation.  Finally,  all  three  genes  associated  with  the  GO  term  'protein  localization  to 
lysosome'  (i.e. LAMTOR4, LAMTOR5, and SH3BP4) act as  indirect regulators of the mTORC1 
nutrient‐sensitive signaling complex that activates translation of proteins.  










GO term  GO description  P FDRa  No. of genesb 
GO:0008361  regulation of cell size  0.00455  6/9 
GO:0040011  locomotion§  0.02706  6/8 
GO:0061462  protein localization to lysosome  0.03068  3/3 
GO:0021884  forebrain neuron development  0.03337  4/6 
GO:0042737  drug catabolic process  0.03768  4/5 
GO:0016098  monoterpenoid metabolic process  0.03768  3/4 
aP‐value after adjustment  for multiple testing;  bthe number of unique genes  found  for  the given GO 
term related to the total number of genes that could be found at most  for this term,  i.e. genes that 





6.5 Discussion   
Our  study  is  the  first  to extensively  investigate  the genetic basis of variation  in phenotypic 
traits in a great ape genus, using whole‐genome sequencing data of individuals representing 




Genetic adaptations in Bornean orangutans 
Our  results  suggest  for  instance  that  genes  related  to  lipid  and  glucose metabolism  have 
evolved  adaptively  in  Bornean  orangutans.  Several  top‐candidate  genes  within  putative 
selective  sweeps  are  involved  in  these  processes  (e.g.  PIK3R3,  RABL3,  SCAP,  SLC6A2, 
KIAA1109,  SPDL1,  and  SMAD4).  For  some  of  the  candidate  genes  (KIAA1109,  SPDL1,  and 
SMAD4),  we  identified  potential  causal  target  SNPs,  i.e.  fixed  non‐synonymous  SNPs 
(between species). Moreover,  the PCAdapt analysis between P. p. wurmbii and P. p. morio 
provided  indication  for  selection  on  lipid  and  glucose  metabolism  also  within  Bornean 
orangutans.   
Our  findings are consistent with genetic adaptation  in Bornean orangutans, especially P. p. 
morio,  to  cope with  strong  fluctuations  of  fruit  abundance  and  unpredictable,  prolonged 
periods of  low energy  intake  in conjunction with ENSO events  (Knott 1998; Delgado & van 
Schaik 2000; Wich et al. 2006; Morrogh‐Bernard et al. 2009; van Schaik et al. 2009b). Most of 
the aforementioned candidate genes are directly or indirectly involved in energy storage (i.e. 





Apart  from physiological  changes, we also have  indication  for potential genetic adaptation 
associated  with  brain  development  in  Bornean  orangutans.  Among  the  candidate  genes 
within  putative  sweeps  was  for  instance  FOXG1,  which  has  a  crucial  function  in  the 
development  of  the  telencephalon  and  causes  severe microcephaly  (Hébert & McConnell 
2000; Martynoga et al. 2005; Kortüm et al. 2011). In addition, we found that genes involved 
in  forebrain pattern  specification and  in  regulation of cerebellar granule cell precursor cell 
proliferation were  significantly  enriched  in  the  analysis of  fixed  SNPs  and  in  the between‐
species PCAdapt analysis. Also within Bornean orangutans, i.e. between P. p. wurmbii and P. p. 
morio,  genes  active  in  brain  development  (i.e.  forebrain  neuron  development)  were 
significantly overrepresented in GO analysis of PCAdapt top‐hit SNPs. It must be stressed that 
the analyses of fixed SNPs and PCAdapt top‐hit SNPs describe what differentiates orangutan 
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taxa  at  the  single  SNP  level  by  either  the  impact  of  directional  selection  or  also  by  pure 
genetic drift.   






a  decrease  in  brain  size  may  represent  adaptation  to  energy  intake  constraints  during 
extended  episodes of  severe  food  scarcity  (Taylor &  van  Schaik 2007;  van Woerden  et  al. 
2012). Selection might have  favored  reduction of brain size  in order  to  reduce  the costs of 
this metabolically  expensive  tissue  (Rolfe & Brown  1997;  Laughlin  et  al. 1998)  in  order  to 
survive lean periods ("Expensive Brain framework",  Isler & van Schaik 2009; van Woerden et 
al.  2012).  Alternatively,  the  decrease  in  brain  size  could  reflect  a  life  history  trade‐off 
associated with a faster‐paced life history in northeastern Bornean orangutans (van Schaik et 
al. 2009b).   
Genetic adaptations in Sumatran orangutans 
Due  to  differences  in  habitat,  Sumatran  orangutans  do  not  have  to  cope with  prolonged 
periods of  food scarcity and have more  favorable energy budgets than those on Borneo.  In 
agreement with  this and  the documented differences  in phenotypic  traits, we  identified a 
very different set of candidate genes for adaptive evolution in Sumatran orangutans.  
One  of  our most  intriguing  findings was  that we  identified  several  genes within  putative 
selective  sweeps with crucial  functions  in  learning, memory, and adult brain plasticity  (e.g. 
ATAD1,  TBR1,  TNPO1,  and  CDK6).  Selective  changes  in  these  genes may  form  part  of  a 
genetic  basis  providing  Sumatran  orangutans  with  a  framework  for  extended  flexibility 
(behavioral  plasticity)  for  both  individual  learning,  and  social  learning  of  local  innovations 
('culture')  (van  Schaik  et  al.  2003).  Potentially  also  liked  to  their  larger  brains  (van  Schaik 
2013), Sumatran orangutans show a larger cultural repertoire than Bornean orangutans (van 
Schaik  2004;  van  Schaik  et  al.  2009a;  Krützen  et  al.  2011).  Furthermore,  while multiple 
complex  innovations  have  been  documented  in  Sumatran  orangutans,  similar  complex 
innovations are rare to absent on Borneo (van Schaik et al. 2009a). 
The  higher  levels  of  social  learning  in  Sumatran  orangutans  are  almost  certainly  closely 








and maintenance of  the blood supply  to  the cortex  (reviewed  in Carter 2014), all of which 
represent plausible targets for selection in Sumatran orangutans. 
Beyond  that,  our  results  further  suggest  that  genes  relevant  in  heart  development  have 
evolved  adaptively  in  Sumatran  orangutans  (top‐candidate  genes:  EPHA3,  TMEM43,  and 
CD46).  The  potential  underlying  phenotypic  targets  are  manifold,  including  genetic 
adaptation to increased energetic demands associated with their larger brains (Taylor & van 




GPSM2  is  located within a  strong putative  selective  sweep and  contains  a  fixed  functional 




Overall,  for  both orangutan  species,  our  results  suggest  that  an  important mechanism  for 
genetic adaptation may have been regulation of gene expression. For instance, several of the 





filtering  applied  to  identify  fixed  SNPs. We  also  found  significant  enrichment  of  genes  for 
three GO terms directly related to regulation of transcription in the analysis of fixed SNPs and 





Methodological considerations and caveats  
There  are  some  important  methodological  considerations  associated  with  this  study. 
Alternative evolutionary processes can produce similar footprints  in the genome as positive 
selection and it remains difficult to disentangle them (Jensen et al. 2005; Pavlidis et al. 2010). 
Although window‐based  genome  scans  can  account  to  a  certain  degree  for  demographic 
factors  (Excoffier  et  al.  2009;  Bazin  et  al.  2010;  Lawson  et  al.  2012),  deriving  significance 
thresholds  at  which  the  null  hypothesis  of  neutral  evolution  can  be  rejected  remains  a 
challenging task (Crisci et al. 2012; Crisci et al. 2013). While we have good knowledge of the 
demographic history of the genus Pongo (e.g. Chapters 4 and 5; Nater et al. 2015), simulating 
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genomic regions under the inferred demographic model alone would be insufficient to derive 
significance  thresholds,  as  long  as  the  species‐specific  recombination  rate  variation  is  not 
included (O’Reilly et al. 2008; Auton et al. 2012; Roesti et al. 2012; Cruickshank & Hahn 2014). 
Currently, this information is not available for orangutans. In this study, we therefore applied 
an  arbitrary  1%‐cutoff  for  FST‐outlier windows  to  identify potential  candidates of  selection 
without  directly  testing  against  the  null  model  of  neutral  evolution.  Furthermore,  our 
analyses are based on the assumption that the genomic landscape of recombination is similar 
in both orangutan  species, which  is probably warranted  considering  their  relatively  recent 
divergence (Chapters 4 and 5; Nater et al. 2015).   





that genus‐wide background selection,  i.e.  loss of genetic diversity  in regions  linked to sites 
under purifying  selection  (Charlesworth  et  al. 1993; Charlesworth 2013),  likely  caused  the 
reduction of genetic diversity in most regions. Alternatively, genetic diversity may is reduced 
as  result  of  independent  parallel  sweeps  in  both  species,  adaptive  introgression  (Hedrick 
2013), or as a direct effect of reduced local recombination rate (Spencer et al. 2006). Because 
of  the  reduced  intraspecific  diversity,  all  of  these  processes  inflate  relative measures  of 
differentiation such as FST (Charlesworth et al. 1997). 
Aside  from  type‐I  errors,  a major  issue  in  studies  of  natural  selection  are  also  high  false‐





of  evidence  is  therefore  not  evidence  of  absence  for  positive  selection  acting  on  certain 
phenotypic  traits  varying within  the  genus Pongo. While  this  study mainly  focused on  the 
detection  of  recent  hard  sweeps,  our  whole‐genome  data  will  hopefully  support  further 
research on alternative mechanisms of genetic local adaptation, such as selection on standing 
genetic variation, which often results in soft selective sweeps. 
In  conclusion,  the  results  of  this  study  further  our  understanding  of  orangutan  adaptive 
evolution and provide insights into what separates Bornean and Sumatran orangutans at the 
genomic level. Our findings suggest that at least some of the remarkable geographic variation 
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The  advent  of  high‐throughput  sequencing  has  opened  up  new  avenues  in  the  study  of 
evolutionary  genetics.  This  dissertation  takes  advantage  of  this  revolution when  studying 
population  genomics  of  orangutans  with  respect  to  the  highly  dynamic  environmental 
processes  taking  place  in  Sundaland.  In  this  chapter,  I  provide  a  synthesis  of  the  main 
conclusions  about  the  evolutionary  history  of  the  genus  Pongo  (Chapters  4–6)  and  the 




7.1 The evolutionary history of the genus Pongo 
Orangutans experienced a complex evolutionary history, which was  impacted by  the highly 
dynamic environmental conditions on the Sunda archipelago, and the pronounced sex‐biased 





and  missing  MSY‐specific  data  (e.g.  Locke  et  al.  2011;  Prado‐Martinez  et  al.  2013).  The 
adaptive evolutionary history of different orangutan taxa and the genetic basis underlying the 
remarkable  variation  in  phenotypic  traits  (van  Schaik  et  al.  2009b)  have  largely  remained 
unexplored. In this dissertation (Chapters 4–6), I studied the evolutionary history of the genus 
Pongo,  i.e. how environmental processes  in Sundaland shaped patterns of genetic variation, 






Colonization of the Sundaland islands  
Mitochondrial  genome  data  (Chapter  5)  indicate  that  the  ancestors  of  extant  orangutans 
colonized  the  islands  of  Sundaland  in  the  late  Pliocene  by  entering  Sumatra  from  the 
Southeast Asian mainland. According to the split sequence of the clades in the Pongo mtDNA 
phylogeny  (Chapter 5) and considering potential migration routes  from the mainland based 
on  paleogeographical  reconstructions  of  Sundaland  (Hall  2013;  de  Bruyn  et  al.  2014), 
orangutans most certainly colonized central Sumatra  initially and subsequently expanded to 
the  north  (i.e.  north  of  present‐day  Lake  Toba).  The  division  axis  around  Lake  Toba 
corresponds to the oldest spit in the orangutan mtDNA phylogeny with a TMRCA ~3.5–4.0 Ma 
(Chapter  5).  Borneo  seems  to  have  been  colonized  in  the  early  Pleistocene  from 
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southern/central  Sumatra,  as  indicated  by  the  basal  position  of  the  Batang  Toru mtDNA 
lineage to that of all extant Bornean orangutans with a TMRCA ~2.0–2.5 Ma (Chapter 5). My 
mtDNA results (tree shape and split times) are well in line with a previous study (Nater et al. 




We  found  that  the  speciation  of  Bornean  and  Sumatran  orangutans  has  been  a  gradual 
process over several hundred thousand years, and appears to have been heavily  influenced 
by  recurrent  climate  changes  and  high  levels  of  male‐biased  dispersal  and  strict  female 
philopatry  (Chapters  4  and  5;  Nater  et  al.  2015).  Genomic  data  of  both  the  autosomes 
(Chapter  4)  and  the MSY  (Chapter  5)  provide  evidence  that  after  the  initial  separation  of 
Bornean and Sumatran orangutans at the beginning of the Pleistocene, autosomal gene pools 
remained connected via regular male‐mediated gene flow over the cyclically exposed Sunda 
Shelf.  Autosomal  gene  pools  of  both  islands  finally  diverged  ~0.9–1.1  Ma  (Chapter  4), 
indicating a substantial reduction of  levels of gene  flow around that time. This reduction  in 
migration  opportunities  may  has  been  associated  with  a  fundamental  change  in  Earth's 





of  gene  flow  between  orangutan  species  is  considerably  earlier  than  proposed  by  studies 




et  al.  (2012)  based on  autosomal  genome data,  suggesting  substantially  reduced  levels of 
gene flow between species at ~300‐400 ka.  




extensive  lowland  rainforest  coverage  on  the  exposed  shelf  as  hypothesized  by  some 
paleoecological  reconstructions  (Sun et  al. 2000; Cannon et  al. 2009; Wang et  al. 2009). A 
broad savanna corridor and large river systems dissecting the exposed Sunda Shelf (Rijksen & 
Meijaard  1999;  Bird  et  al.  2005; Harrison  et  al.  2006;  Slik  et  al.  2011)  probably  imposed 
impassable barriers  to dispersal  for  rainforest‐dwelling  species. Taken  together, our  results 
point  at  complex  temporal  fluctuations  of  levels  of  gene  flow  between  Bornean  and 
Chapter 7 
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Sumatran orangutans, most  likely  related  to varying climate among and within Pleistocene 
glacial periods (Cannon et al. 2009; de Bruyn et al. 2014).  
The population history of Bornean orangutans 
Following  their  divergence,  Bornean  and  Sumatran  orangutans  experienced  drastically 
different  population  histories  (Chapters  4  and  5;  Nater  et  al.  2015).  As  detailed  in  the 
Chapters  4  and  5,  Bornean  orangutans  most  probably  underwent  several  population 
bottlenecks  during  the  Pleistocene,  likely  caused  by  repeated  extensive  rainforest 
contractions and expansions associated with  the  climate oscillations  (Flenley 1998; Morley 
2000;  Bird  et  al.  2005).  The  recent  coalescent  times  of  Bornean  mitogenome  and  MSY 
lineages  (Chapter  5)  provide  strong  support  for  the  late‐Pleistocene  refugium  hypothesis 
(Arora  et  al. 2010;  also  see Nater  et  al. 2011; Nater  et  al. 2015), proposing  that Bornean 
orangutans were confined within a rainforest refugium during the penultimate glacial period 
(130–190 ka), which has been particularly harsh  (Martinson et al. 1987; Wright 2000). The 
basal  position  of  the  two  Sabah  populations  (North  and  South  Kinabatangan)  to  all  other 
Borneans  in  our mitogenome  phylogeny  (Chapter  5)  is  congruent with  the  idea  that  this 
common glacial refugium was located in the Crocker mountain range in northern Borneo, as 
proposed previously for the Sabah orangutans (Jalil et al. 2008). The expansion from the late‐
Pleistocene  refugium  led  to  a  only  recently  established  population  structure  on  Borneo 
(Chapters 3–5; Arora et al. 2010; Greminger et al. 2014; Nater et al. 2015).  
Our  results  from  the autosomal genome  (Chapter 4)  suggest  that  the expansion  from  this 
refugium was not paralleled with a large and stable increase in effective population size. On 
the contrary, our  inferences revealed Bornean orangutans having experienced a population 




further  decimated Bornean  orangutans. Unfortunately,  however,  because  their  population 
size was already very small we did not have the resolution to detect a potential signal with 
the method we applied (Chapter 4).    
The population history of Sumatran orangutans and the Toba supereruption 
In  contrast  to  Bornean  orangutans,  the  autosomal  effective  population  size  of  Sumatran 
orangutans  actually  appears  to have  increased during  the Middle Pleistocene  (~1–0.1 Ma; 
Chapter 4). Furthermore, as evident from the deep divergence of mtDNA lineages (Chapter 5; 
Nater et  al. 2011),  the population  structure of  Sumatran orangutans has been  remarkably 
stable throughout the Pleistocene. Overall, I found that Sumatran orangutans were much less 
affected by the Pleistocene climate oscillations than the Borneans (Chapters 4 and 5). This is 
most  likely  due  to  the  different  geology  and  environmental  conditions  of  Sumatra which 
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(outlined  in  section  7.5). Moreover,  our  inferences  from  autosomal  genomes  (Chapter  4) 
disclosed  a  drastic  collapse  of  the  effective  population  size  of  Sumatran  orangutans 
coinciding with the Toba supereruption ~73 ka (Chesner et al. 1991) from which orangutans 
did  not  manage  to  recover.  This  lack  of  demographic  recovery  might  be  attributed  to 
prehistoric  hunting  by  early  humans, which  is  believed  to  have  been  responsible  for  the 
complete disappearance of orangutans in many areas of Sundaland in the Late Pleistocene to 
early Holocene (Rijksen & Meijaard 1999; Delgado & van Schaik 2000).   
Our  results  add  to  the  controversial  discussion  about  the  consequences  of  the  Toba 
supereruption. Although  the  Toba  supereruption  ~73  ka was  the most  powerful  explosive 
eruption of the Quaternary  (Chesner et al. 1991; Rampino & Ambrose 2000),  its  impact on 
global  climate  and  ecosystems  remains  highly  debated  (e.g.  Schulz  et  al.  2002; Gathorne‐
Hardy & Harcourt‐Smith 2003; Petraglia et al. 2007; Haslam & Petraglia 2010; Williams et al. 
2010;  Williams  2012).  It  has  been  hypothesized  that  the  eruption  induced  a  ’volcanic 
winter‘ that, among others, may have caused a severe population bottleneck in early humans 
(Ambrose  1998;  Rampino  &  Ambrose  2000).  Gathorne‐Hardy  &  Harcourt‐Smith  (2003) 
argued that under such a scenario, one would expect at least a similar population decimation 




had  not  been  destroyed  over  vast  areas  as  advocated  by  some  researchers  (Rampino  & 
Ambrose 2000; Williams et al. 2009).  
Genetic local adaptations in orangutans 














top‐candidate  selective  sweep  regions  identified  in  Bornean  orangutans  are  for  instance 
involved  in  energy  storage  (i.e.  adipose  tissue) metabolism,  which  is  consistent  with  the 
greater ability of Bornean orangutans  to deposit  large  fat  storages  compared  to Sumatran 
orangutans  (Dierenfeld 1997; Knott 1998; Wich et  al. 2006). These metabolic  changes  are 
assumed to allow for physiological buffering against starvation (Knott 1998; Morrogh‐Bernard 
et al. 2009; van Schaik et al. 2009b; Isler 2014).  
Furthermore, we  also  detected  signatures  of  potential  genetic  adaptation  associated with 
brain development,  in particular neurogenesis, which defines brain  size by  the  number  of 
produced neurons (Herculano‐Houzel 2012; Lent et al. 2012). This finding is compatible with 
the smaller brain size of the northeastern Bornean orangutans (Taylor & van Schaik 2007; C. P. 
van  Schaik  2010,  unpublished  data)  and  may  again  represent  an  adaptation  to  survive 
prolonged  lean  periods  by  reducing  the  costs  of  this  metabolically  expensive  tissue 
("Expensive  Brain  framework",    Isler  &  van  Schaik  2009;  van  Woerden  et  al.  2012). 
Alternatively,  it may  reflect  a  life  history  trade‐off  associated  with  their  faster‐paced  life 
history (van Schaik et al. 2009b).    
It  is  tempting  to  speculate  about  interesting  parallels  between  the  adaptive  evolutionary 
history  of  P.  p.  morio  and  the  enigmatic  Homo  floresiensis  from  the  Sundaland  island  of 
Flores, who  is characterized by  its usually  small  stature and  remarkably  reduced brain  size 
(Brown et al. 2004; Falk et al. 2005). It is still matter of debate whether H. floresiensis indeed 
represents a new hominin species, or a pathological form of modern human (e.g. Henneberg 
et  al.  2014).  It  has  been  hypothesized  that  the  special  characteristics  of  H.  floresiensis 
("insular dwarfism")  represent adaptations  to energy  intake  shortages  (Brown et  al. 2004), 
which would  imply  that  the genus Homo  is "morphologically more varied and  flexible  in  its 
adaptive  responses  than previously  thought"  (Brown et al. 2004). Drawing parallels  to P. p. 
morio,  it  seems  plausible  that  adaptation  to  ecological  factors  account  for  the  special 
characteristics  of H.  floresiensis, who  probably  had  to  cope with  the  same  environmental 
constrains as P. p. morio, in particular with severe impacts of the ENSO (Taylor & van Schaik 
2007). Undoubtedly,  it would be highly  interesting  to explore  the genetic basis of potential 
convergent  evolution. Unfortunately,  however,  such  an  endeavor will  be  highly  limited  by 
several  factors,  including  the quality and quantity of ancient DNA  from  tropical  regions.  In 
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al.  2009; Wich  et  al.  2011b).  Sumatran  orangutans were  also much  less  affected  by  the 
Pleistocene climate changes and experienced a  remarkably stable population history, while 
those on Borneo underwent multiple bottlenecks and a long‐term decline (Chapters 4 and 5). 
The  fact  that  Sumatran  orangutans  did  not  have  to  cope  with  the  same  environmental 
constrains  as  especially  the  northeastern  Bornean  orangutans,  has  likely  facilitated  a  very 
different  adaptive  evolutionary  history  (Chapter  6), which  is  in  agreement with  the well‐
documented differences in phenotypic traits (Wich et al. 2009b).   
The  aforementioned  conditions  have  probably  allowed  Sumatran  orangutans  to 
develop/maintain  (the ancestral  state  is unknown)  their  larger brains  (Taylor &  van  Schaik 
2007),  their higher sociability  (e.g. Mitra Setia et al. 2009; Weingrill et al. 2011), and  likely 
linked to both, their larger and more complex cultural repertoire (van Schaik 2004; van Schaik 
et al. 2009a; Krützen et al. 2011). In agreement with this hypothesis, we found signatures for 
potential positive  selection within genes having  crucial  functions  in  learning, memory, and 
adult brain plasticity  (Chapter 6).  Selective  changes  in  these  genes may provide  Sumatran 




7.2 Implications for conservation and taxonomy 
The results presented herein have important implications for the taxonomy and conservation 
management  of  orangutans.  First  of  all,  our  findings  clearly  support  the  classification  of 
Bornean (P. pygmaeus) and Sumatran orangutans (P. abelii) as two distinct species. The two 
former subspecies were elevated to different species  in a taxonomic revision over a decade 
ago  (Groves  2001), mainly based on  the  results  of  early  genetic  studies using mtDNA  loci 
(Ryder & Chemnick 1993; Xu & Arnason 1996; Zhi et al. 1996; Warren et al. 2001; Zhang et al. 
2001). However, this classification has been questioned (e.g. Muir et al. 1998) and they are 









the  genomic MSY  data  indicates  that  Bornean  and  Sumatran  orangutans  are  completely 
reproductively  isolated  for  at  least  the  last  300,000–400,000  years  (Chapter  5),  with 




revealed  that  orangutans  from  both  islands  experienced  drastically  different  evolutionary 










2013; Nater et  al. 2015), also provide  the  first  comprehensive assessment of  conservation 
units within orangutan species. Our genomic data confirm pronounced population structure 
on  both  islands.  The  geographic  structure  identified  in  the  autosomal  genome  diversity 
(Chapter 4) matches  the phylogeographic patterns of mitogenome haplotypes  (Chapter 5), 




Most  notable  is  the  special  genetic  status  of  Batang  Toru,  the  only  extant  orangutan 
population south of Lake Toba on Sumatra (Chapters 4 and 5; Nater et al. 2011; Nater et al. 
2013; Nater et al. 2015). Batang Toru likely represents a remnant of a larger historical meta‐
population  in central and  south Sumatra  (Rijksen & Meijaard 1999),  from which gene  flow 











In  light  of  these  results,  we  suggest  a  taxonomic  revision  of  P.  abelii.  In  orangutans, 
subspecies designation is based on morphological characters (Groves 2001) and early genetic 
data (Warren et al. 2001). In Borneo, three subspecies are currently recognized. The Bornean 
subspecies,  however,  are  only  the  result  of  a  comparatively  fairly  recent  radiation  from  a 
common refugium during the penultimate glacial period (130–190 ka) and P. p. morio is even 




deeper  than  in Borneo.  I  suggest  to  study  the morphology,  physiology,  and  life  history  of 
orangutans north and south of Lake Toba with regard to subspecies status.  
With  respect  to  a  special  conservation  status  of  orangutans  from  south  of  Lake  Toba, 
orangutans  from  the  Batang  Toru  population  should  also  be  treated  as  a  separate 
evolutionary  significant  unit  (ESU)  in  conservation  management,  given  the  long‐lasting 
separation and genetic uniqueness. Considering the already extremely low census size of the 
Batang Toru population of probably less than 400 individuals (Wich et al. 2008; Marshall et al. 
2009) and  the  fact  that most of  the  forest  in  this area  is not under protection  (Wich et al. 
2011a; Wich et al. 2014), they should be given highest conservation status 
To  conclude,  we  identified  the  following  conservation  units  for  the  genus  Pongo:  for 
Sumatran orangutans, we  found  two ESUs  (North Toba  and  South Toba) and  at  the  lower 
level  three  distinct  population  segments  (DPS)  (U.S.  Fish  and Wildlife  Service  1996),  i.e. 
Batang Toru, West Alas, and Northeast Alas (including Langkat and North Aceh). For Bornean 
orangutans,  we  identified  five  DPSs,  namely  Central/West  Kalimantan,  Sarawak,  East 
Kalimantan, North Kinabatangan, and  South Kinabatangan. Based  solely on neutral genetic 
differentiation,  Bornean  orangutans  form  only  one  ESU.  However,  there  are  strong 
indications that the orangutans in northeastern Borneo exhibit distinct genetic adaptations to 
a  harsher  local  environment with  increased  impact  of  recurrent  ENSO  events  (detailed  in 




consideration  for  releases  of  rehabilitant  orangutans  into  wild  populations.  Moreover, 
considering  the extremely male‐biased dispersal system of orangutans,  it  is critical  to keep 
up/restore  important male migration  forest routes  to maintain genetic exchange and avoid 
inbreeding  (e.g.  Hedrick  &  Kalinowski  2000;  Reed  &  Frankham  2003).  The  pronounced 
geographic structure of orangutan genetic diversity considerably  increases risks  for  losing a 
substantial  part  of  the  total  genetic  diversity with  all  its  negative  consequences  through 
continuing  habitat  destruction  and  fragmentation.  Both  orangutan  species  are  still 
experiencing  drastic  population  declines  (Rijksen & Meijaard  1999;  Singleton  et  al.  2004; 
Sharma  et  al.  2012a).  Therefore,  urgent  actions  need  to  be  taken  towards  orangutan 
conservation, in particular with regards to the population of Batang Toru. 
7.3 Outlook  






The main  future  direction will  be  to  study  genetic  basis  and mechanisms  underlying  local 
adaptations within  the genus Pongo more  comprehensively and  in greater depth, applying 
statistical tests targeting different time frames and modes of selection, as well as increasing 
both  sample  size and  coverage.  In ongoing projects,  for which we have  formed additional 
collaborations, we are validating our  findings and expanding  the set of selection  tests. One 
project  in progress  is  for  instance  focused on applying advanced codon‐based modeling  to 
explore selection at older time scales. Another study is investigating the adaptive evolution of 
bitter‐taste  receptor  genes  in  detail.  Further biological pathways  and  candidate  genes  are 






et  al.  2006;  Chen  et  al.  2010;  Pybus  et  al.  in  review)  to  detect  recent  hard  sweeps  and 
hopefully also soft sweep patterns. They will also facilitate exploring the genomic  landscape 
of  speciation  and  identifying  genomic  regions  that  show  signals  of  adaptive  introgression 
(Hedrick 2013). Moreover,  the  species‐specific  recombination maps will allow us  to derive 
significance  thresholds  for  the  genome  scans  at  which  the  null  hypothesis  of  neutral 
evolution  can  be  rejected  through  simulating  genomic  regions  under  the  inferred 
demographic model (discussed above) and considering the local recombination rates.  
Disentangling  the  different  evolutionary  processes  shaping  genetic  diversity  and 
unambiguously  demonstrating  the  action  of  positive  selection  remains  a  challenging 
endeavor  however  (Crisci  et  al.  2012;  Crisci  et  al.  2013).  It  is  necessary  to  develop 
sophisticated  methods  to  jointly  infer  demographic  history,  population  structure,  and 
selection simultaneously (Li et al. 2012; Bank et al. 2014). Of great importance  is also to co‐






large mammals),  a  key  requirement  for  future  studies  on  fine‐scale  local  adaptation  is  to 
develop  methods  that  facilitate  generating  genomic  data  from  large  numbers  of  non‐
invasively sampled wild individuals. This would ultimately allow taking population genetics to 
true  population  genomics.  In  case  of  orangutans,  due  to  own  efforts  and  extensive 
collaborations,  the Anthropological  Institute and Museum  curates an extraordinary  sample 
General discussion and perspectives 
217 
collection  of  more  than  three‐thousand  fecal  and  hair  samples  from  wild  orangutans 
throughout the genus’ range, which will represent an invaluable basis for such efforts. DNA of 
non‐invasively collected  samples  is of very  low quantity and quality  (highly degraded), and 
contains only painfully  low  levels  of  endogenous DNA  in  the  case  of  fecal  samples.  These 
characteristics  preclude  them  from  shotgun  sequencing  or  common  reduced  genome 




extracts  from  non‐invasively  collected  samples.  In  fact,  this  strategy  has  already  been 
successfully applied to ancient DNA (Carpenter et al. 2013; Enk et al. 2014). Because the RNA 
baits are generated  in‐house,  this  is a cost‐effective way of enriching  target DNA  for high‐
throughput  sequencing. To capture only parts of  the genome, baits produced  synthetically 





the  smallest  local  scale  possible  given  the  distribution  of  extant  orangutan  populations. 
Related to this, it also offers the compelling possibility to link spatially distinct environmental 
heterogeneity  to  adaptive  genetic  variation  in  modeling  frameworks  incorporating  large 
environmental datasets (Manel et al. 2003; Schoville et al. 2012). The results of such studies 
will  also  be  relevant  for  the  conservation  management  of  orangutans,  by  for  instance 
clarifying  if  the Bornean subspecies P. p. morio needs  to be elevated  to a separate ESU, as 
suggested by my results.  
Other  interesting  avenues of  future  research  in orangutans  are  facilitated by  the  genomic 
MSY data I generated in the scope of this dissertation. The identified MSY‐specific SNPs and 
microsatellite  markers  can  be  used  to  establish  multiplex  assays  that  allow  large‐scale 
genotyping of male‐specific markers  in a  large number of wild orangutans. Such data would 
for  instance provide great power  for  fine  scale analyses of male‐mediated gene  flow  rates 
among  regions  to  estimate  genetic  connectedness,  which  is  also  highly  relevant  for 
conservation management. Moreover,  large‐scale male‐specific  data would  allow  studying 
potential male reproductive skew in Sumatran orangutans more comprehensively (Chapter 5; 
Goossens  et  al.  2006b;  Dunkel  et  al.  2013;  Lenzi  2014),  by  separating  genetic  signals  of 
reproductive skew from those generated by population structure and gene flow.  
Genomics has profoundly changed the  fields of population genetics, molecular ecology and 
conservation  biology.  Over  the  past  few  years,  we  have  witnessed  an  incredibly  rapid 
development of high‐throughput  sequencing  techniques, bioinformatical analysis  tools and 
theoretical frameworks. Evolutionary genomics is starting to get out of its infancy years now, 
and  the  focus  is  turning  from  comparative  research  between  species  to  population‐based 
Chapter 7 
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studies  within  species.  We  still  face,  however,  many  challenges  related  to  both  the 
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Abstract
Investigating how different evolutionary forces have shaped patterns of DNA variation
within and among species requires detailed knowledge of their demographic history.
Orang-utans, whose distribution is currently restricted to the South-East Asian islands of
Borneo (Pongo pygmaeus) and Sumatra (Pongo abelii), have likely experienced a complex
demographic history, influenced by recurrent changes in climate and sea levels, volcanic
activities and anthropogenic pressures. Using the most extensive sample set of wild
orang-utans to date, we employed an Approximate Bayesian Computation (ABC)
approach to test the fit of 12 different demographic scenarios to the observed patterns of
variation in autosomal, X-chromosomal, mitochondrial and Y-chromosomal markers. In
the best-fitting model, Sumatran orang-utans exhibit a deep split of populations north
and south of Lake Toba, probably caused by multiple eruptions of the Toba volcano. In
addition, we found signals for a strong decline in all Sumatran populations ~24 ka, prob-
ably associated with hunting by human colonizers. In contrast, Bornean orang-utans
experienced a severe bottleneck ~135 ka, followed by a population expansion and sub-
structuring starting ~82 ka, which we link to an expansion from a glacial refugium. We
showed that orang-utans went through drastic changes in population size and connected-
ness, caused by recurrent contraction and expansion of rainforest habitat during Pleisto-
cene glaciations and probably hunting by early humans. Our findings emphasize the fact
that important aspects of the evolutionary past of species with complex demographic his-
tories might remain obscured when applying overly simplified models.
Keywords: Approximate Bayesian Computation, demographic history, Pongo spp., population
structure
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Introduction
Patterns of DNA variation are the result of both adap-
tive and nonadaptive processes, and the debate about
the relative importance of natural selection and random
genetic drift in shaping genetic diversity within and
among species is still ongoing (e.g. Hahn 2008; Nei et al.
2010). A common approach to detect signals of selection
aims at identifying genomic regions that show marked
deviations in DNA variation from a neutral equilibrium
model (reviewed in Nielsen 2005). However, under cer-
tain demographic scenarios, such as population size
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changes or population subdivision, random genetic drift
can result in similar deviations as selection (e.g. Teshi-
ma et al. 2006; Excoffier et al. 2009). Therefore, con-
founding effects of demographic processes can only be
unravelled from selective signals if the demographic
history is explicitly taken into account when formulat-
ing the expectations under the neutral model against
which observed patterns of DNA variation are tested
(e.g. Haddrill et al. 2005; Stajich & Hahn 2005). Conse-
quently, methods to reconstruct the demographic his-
tory of natural populations have recently generated
great interest among evolutionary geneticists, as recent
technical advances allow conducting genomewide stud-
ies of selection in a large variety of species (reviewed in
Ellegren 2014).
Orang-utans, currently restricted to two distinct
species on Borneo (Pongo pygmaeus) and northern Suma-
tra (Pongo abelii) (Wich et al. 2008), are the only Asian
great apes and are phylogenetically most distant to
humans (Groves 2001). Their ancestral position in the
lineage leading to African great apes and modern
humans has evoked great interest in this taxon in the
overall effort to reconstruct the adaptive evolutionary
history of great apes in general and humans in particu-
lar (Locke et al. 2011; Prado-Martinez et al. 2013). How-
ever, orang-utans might have experienced a complex
demographic history, as their distribution has been sub-
ject to major changes during the Pleistocene. The ances-
tors of extant orang-utans have sequentially colonized
the islands of the Sunda archipelago arriving from the
South-East Asian mainland (Rijksen & Meijaard 1999;
Delgado & Van Schaik 2000). Since then, their popula-
tion history was strongly influenced by geological and
climatic events: rising and falling sea levels cyclically
connected and isolated the islands of Sundaland, allow-
ing for potential terrestrial migration between the
islands at certain points in time (Voris 2000).
Major volcanic eruptions, mainly on Sumatra and
Java, might have led to the extinction of local orang-
utan populations and subsequent recolonizations (Muir
et al. 2000). Of special interest here is the Toba volcano
on northern Sumatra, which has seen at least four major
eruptions during the last 1.2 million years (Chesner
et al. 1991). This sequence of eruptions culminated in
the Toba supereruption ~73 ka, which is considered to
be the most powerful volcanic eruption within the last
25 million years (Chesner et al. 1991) and is thought to
have had severe consequences for flora and fauna on
Sundaland (Williams et al. 2009). In the Late Pleistocene,
all orang-utan populations on the mainland, southern
Sumatra and Java went extinct (Rijksen & Meijaard
1999; Delgado & Van Schaik 2000). Climatic changes
during the Pleistocene might have been responsible for
the southward shift of the distribution and the
disappearance of orang-utans from the mainland (Jab-
lonski 1998). Moreover, anthropogenic factors, such as
prehistoric hunting by hunter-gatherer societies, are
likely to have played a significant role in the decline
and extinction of orang-utans populations on insular
South-East Asia (Delgado & Van Schaik 2000).
Genetic signals of these past demographic changes
have been found in studies of genetic diversity in extant
orang-utan populations on Borneo and Sumatra. Most
genetic studies analysing autosomal and mitochondrial
DNA (mtDNA) agree that Sumatran orang-utans show
a higher level of sequence diversity and corresponding
long-term effective population size (Ne) (Muir et al.
2000; Zhang et al. 2001; Steiper 2006; Locke et al. 2011;
Prado-Martinez et al. 2013), even though Sumatran
orang-utans have a much smaller current census size
and a more restricted distribution than Borneans (~6600
vs. ~54 000 individuals, Wich et al. 2008). The large Ne
of the Sumatran species was interpreted as a signal of
immigration from multiple differentiated populations
into the current Sumatran gene pool (Muir et al. 2000;
Steiper 2006). However, Y-chromosomal diversity in
orang-utans shows the opposite pattern compared to
mtDNA and autosomal data, with a smaller Ne on
Sumatra than Borneo (Nater et al. 2011). Such contrast-
ing patterns of Ne between species and among genomic
regions hint at complex population dynamics that have
so far not been properly investigated.
Recently, Locke et al. (2011) used extensive single
nucleotide polymorphism (SNP) data from whole-gen-
ome resequencing of five Bornean and five Sumatran
orang-utans to model the demographic history of the
two species. They found that a model with a population
split ~400 ka with subsequent gene flow between
Borneo and Sumatra fits the observed data best. Fur-
thermore, Locke and colleagues inferred that Sumatran
orang-utans underwent a continuous exponential popu-
lation growth since the population split, while Bornean
orang-utans were subject to a continuous exponential
decline. Given the large amount of genetic data, the
study by Locke and colleagues is currently regarded as
the most accurate reconstruction of demographic his-
tory in orang-utans to date. However, the demographic
modelling approach by Locke and colleagues did not
take several idiosyncrasies of orang-utan biology into
account, thus severely limiting the conclusions that
could be drawn from their findings.
First, it has been shown that biased sampling and dis-
regard of population structure will produce misleading
results regarding Ne and its temporal changes (Stadler
et al. 2009; Chikhi et al. 2010). The study by Locke and
colleagues incorporated data from only five captive
individuals from Borneo and Sumatra each without
further provenance information. This limited genetic
© 2014 John Wiley & Sons Ltd
DEMOGRAPHIC HISTORY OF ORANG- UTANS (PONGO SPP. ) 311
sampling is unlikely to represent the entire genetic
diversity present on both islands. Second, given the lack
of detailed sample provenance, analyses were restricted
to models treating Bornean and Sumatran orang-utans
as single panmictic populations each. Previous work,
however, unequivocally showed that both Bornean and
Sumatran orang-utans are genetically deeply structured
(Warren et al. 2001; Arora et al. 2010; Nater et al. 2011).
In particular, on Sumatra, populations north and south
of Lake Toba exhibit high genetic differentiation (Nater
et al. 2011, 2013). Third, Locke and colleagues did not
test complex demographic models including population
bottlenecks or recent declines, as suggested in previous
genetic studies. For example, genetic signals of a bottle-
neck with subsequent population expansion on Borneo
might be linked to a glacial refugium or the impact of
the Toba supereruption ~73 ka (Steiper 2006; Arora
et al. 2010), and patterns of a recent population decline
in Sabah, Borneo, are most likely attributable to recent
anthropogenic pressures (Goossens et al. 2006).
Reconstructing the demographic history of a species
has long been hindered by the fact that full-likelihood
methods were restricted to relatively simple demo-
graphic models (e.g. Wilson et al. 2003; Hey & Nielsen
2004), which might not capture all relevant processes in
complex demographic settings. This restriction is
mainly caused by the fact that the computation of the
likelihood function of complex demographic models
with many parameters is either intractable or computa-
tionally too expensive, especially for large data sets
(Marjoram et al. 2003). Approximate Bayesian Computa-
tion (ABC) allows circumventing these problems by
approximating the likelihood functions with simulations
of genetic data under a given demographic model
(Beaumont et al. 2002; Marjoram et al. 2003). To estimate
the model parameters, parameter values are drawn
from predefined prior distributions and used to simu-
late genetic data matching the observed data in type of
markers and number of loci. Both observed and simu-
lated data are then reduced to a set of summary statis-
tics, and the Euclidian distance between the observed
and the simulated summary statistics is calculated.
Based on the subset of simulations with the smallest
Euclidian distance between observed and simulated
data, the posterior distribution of the model parameters
can be approximated and the relative fit of different
demographic models to the data can be assessed.
Here, we present an ABC modelling approach of the
demographic history of orang-utans based on autoso-
mal and sex-linked marker systems. We aim to improve
the current knowledge of demographic history by
applying three major improvements over previous
studies. First, we capitalize on the knowledge base
of behavioural ecology and population genetics of
orang-utans to test realistic demographic models. Sec-
ond, due to our extensive set of orang-utan samples
with detailed and reliable provenance, we are able to
investigate models incorporating population substruc-
ture in both orang-utan species, which allows us to dis-
entangle changes in population size from confounding
effects due to changes in population structure. Third,
by combining autosomal and sex-linked markers into a
single demographic analysis, we take advantage of the
specific information content of different marker systems
in this species with its heavily sex-biased dispersal. Due
to strong female philopatry in orang-utans (Galdikas
1995; Arora et al. 2012; van Noordwijk et al. 2012), mito-
chondrial markers contain information about population
split times without the confounding influence of gene
flow. In contrast, Y-chromosomal loci should have more
power than autosomal markers to reveal low levels of
male-mediated gene flow.
Materials and methods
Sample collection and genetic markers
A representative sampling scheme covering the whole
range of a species is crucial for accurate reconstruction
of demographic history (Stadler et al. 2009). We used an
extensive set of samples from wild-born orang-utans
from 10 sampling locations, covering the entire distribu-
tion of the genus (Table 1 and Fig. 1, see Supporting
information for detailed information about sample ori-
gin). Samples were analysed for several genetic marker
systems with different modes of inheritance and effec-
tive population sizes (Table 2), thus ensuring represen-
tation of both male and female population history, an
important aspect in demographic reconstructions in
species with strongly sex-biased dispersal (Nater et al.
2011; Nietlisbach et al. 2012).
The autosomal microsatellite data contained geno-
types of 25 microsatellite markers from a total of 237
individuals (Arora et al. 2010; Nater et al. 2013; Grem-
inger et al. 2014). We also included sequences from
three mtDNA genes with a total length of 1355 bp
from 118 individuals (Nater et al. 2011), and Y-chromo-
somal haplotypes based on 11 Y-linked microsatellite
loci from 129 individuals (Nater et al. 2011; Nietlisbach
et al. 2012). We complemented the data set by addi-
tionally sequencing 8055 bp of the noncoding X-chro-
mosomal region Xq13.3 (Kaessmann et al. 2001) in 36
individuals and four noncoding autosomal regions (Fi-
scher et al. 2006) of a total of 8238 bp in 22 individu-
als. Basic summary statistics for all marker systems are
provided in Table 2. The primers and cycling condi-
tions used for PCR amplification and sequencing of
the autosomal and X-chromosomal regions are
© 2014 John Wiley & Sons Ltd
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described in the Supporting Table S1, Supporting
information.
Approximate Bayesian Computation
Model selection procedure. We reconstructed the demo-
graphic history of orang-utans using an ABC approach
implemented in the software package ABCTOOLBOX v1.1
(Wegmann et al. 2010). To achieve this goal, we first
performed a model selection procedure, in which we
used a hierarchical approach to test a total of 12 differ-
ent demographic models (Fig. 2) with increasing levels
of complexity (see Tables S5 and S6, Supporting infor-
mation, for more details about model parameterization
and prior distributions).
We started by testing four relatively simple models
assuming a single population for each of the two orang-
utan species (Fig. 2A). The first model in this set (I2)
posited constant population sizes and no migration
between the two populations. The second model (IM2)
incorporated asymmetric migration after the population
split, up to a point in the past where migration between
Borneo and Sumatra ceased. Gene flow in all models
with migration was strictly male-mediated, as recent
genetic and behavioural findings showed extreme
female philopatric tendencies in orang-utans (Nater
et al. 2011; Arora et al. 2012; van Noordwijk et al. 2012).
The third model (IM2-GR) additionally allowed the two
populations to change size exponentially after the popu-
lation split and corresponded largely to the favoured
model in the genomic study by Locke et al. (2011). In
the fourth and most complex 2-population model (IM2-
BN-GR), both populations retained a constant size after
the population split, with the possibility for a sudden
population size rescale followed by exponential growth
or decline.
To test more biologically relevant demographic
scenarios, we designed a series of 10-population models
incorporating the repeatedly reported extensive popula-
tion substructure in extant orang-utan populations
(Warren et al. 2001; Goossens et al. 2005; Kanthaswamy
et al. 2006; Arora et al. 2010; Nater et al. 2011, 2013). The
use of 10 extant population units models is justified by
previously published data (Arora et al. 2010; Nater et al.
2011, 2013; Greminger et al. 2014). The combination of
patterns of population differentiation in both mtDNA
and autosomal microsatellite markers points to six pop-
ulations on Borneo, one Sumatran population south of
Lake Toba and three Sumatran populations north of
Lake Toba (see validation of population units in Sup-
porting information). For all 10-population models, we
assumed equal population sizes and equal symmetric
migration rates among all populations within Borneo
and among all populations north of Lake Toba, respec-
tively, as well as a separate population size parameter
for the population south of Lake Toba. We included
asymmetric migration rates between Borneo and south
of Lake Toba, and between north of Lake Toba and
south of Lake Toba.
To assess to what extent the additional population
units improve model fit, we first tested the best-fitting
2-population model against two basic 10-population
models (IM10 and IM10BO-NT, Fig. 2B). The IM10 model
incorporated the population splitting sequence derived
from mtDNA data, that is the populations north and
south of Lake Toba show the oldest split, while Bornean
populations diverged after this split (Nater et al. 2011).
As this is in discordance with the current species desig-
nation (Groves 2001), which assigns a single species
each to Sumatra and Borneo, we also tested this model
against a model following the species split pattern
(IM10BO-NT), that is with the oldest split between
Table 1 Sample sizes for the different marker systems in the 10 geographic regions
Sampling region* mtDNA Y-STRs Autosomal STRs Autosomal regions Xq13.3
North Kinabatangan (NK) 6 10 32 4 3
South Kinabatangan (SK) 13 15 76 4 3
East Kalimantan (EK) 7 9 34 4 5
Sarawak (SR) 8 2 12 2 1
Central Kalimantan (CK) 9 9 68 2 2
West Kalimantan (WK) 9 8 32 4 4
Batang Toru (BT) 8 8 18 4 3
North Aceh (NA) 7 15 32 6 3
Langkat (LK) 14 15 66 10 6
West Alas (WA) 37 38 104 4 7
Total 118 129 474 44 37
Sample sizes are given as number of sampled chromosomes. The light grey shading refers to Bornean populations, middle grey to
Sumatran populations north of Lake Toba and dark grey to the Sumatran population south of Lake Toba.
*Sampling regions corresponding to Fig. 1.
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Sumatra and Borneo, to see whether incomplete lineage
sorting could be responsible for the particular phyloge-
netic pattern observed for mtDNA.
We further tested for the presence of population size
changes in the demographic history of orang-utans, as
suggested by previous studies (Goossens et al. 2006;
Steiper 2006; Arora et al. 2010; Locke et al. 2011). First,
we tested for signals of recent declines in Sumatra
(IM10-DECSU), Borneo (IM10-DECBO) or both islands
(IM10-DECALL) (Fig. 2C).
In a second test, we evaluated the support for a bot-
tleneck on Borneo (IM10-BNBO-DECSU), possibly linked
to a refugium during the penultimate glaciation (Arora
et al. 2010) (Fig. 2D).
Last, we tested for evidence for a bottleneck on
Sumatra linked to the Toba supereruption, either
allowing for a broad prior range of the magnitude of
decline (IM10-BNBO-TOBA-DECSU) or restricting to a
severe bottleneck of <100 individuals in each of the four
Sumatran populations (IM10-BNBO-RECOL-DECSU),
resembling a founder effect after local extinction and
recolonization events on Sumatra (Fig. 2E).
ABC data simulation. To simulate genetic data under dif-
ferent demographic models, we used the software FAST-
SIMCOAL v1.1.2 (Excoffier & Foll 2011). Simulations for
the different marker systems were run with the same
set of parameters, whereby the effective population
sizes were scaled 1 to 0.75, 0.25 and 0.25 for autosomal,
X-chromosomal, mitochondrial and Y-chromosomal
markers, respectively. We then used ARLSUMSTAT v3.5.1.3
(Excoffier & Lischer 2010) to calculate a total of 259
summary statistics for each simulated data set as well
as for the observed data set (Table S7, Supporting infor-
mation). The summary statistics were chosen to capture
the information in the genetic data about population
differentiation, within population diversity, and popula-
tion size changes. To avoid problems with unreliable
phasing, we only used summary statistics that do not
require phased sequence data for X-chromosomal and
autosomal loci. As the number of simulated populations
differed between the 2-population and 10-population
models, summary statistic would not be directly compa-
rable between the two sets of models. Therefore, when
running the 10-population models, we applied a script
Table 2 Summary statistics for the marker systems used in the ABC analysis




mtDNA (16S, ND3, CYTB) 1355 Borneo 52 19 0.0022 0.0031 0.92
South Toba 8 1 0.0002 0.0003 1.05
North Toba 58 41 0.0100 0.0066 1.79
Autosomal regions (Chr2a_R17,
Chr9_R16, Chr12_R1, Chr19_R7)
8238 Borneo 10 19.50  4.56 0.0033  0.0011 0.0027  0.0006 0.68  0.66
South Toba 2 13.50  7.79 0.0037  0.0020 0.0036  0.0020 0.08  0.49
North Toba 10 28.75  4.66 0.0046  0.0012 0.0040  0.0006 0.51  0.52
Xq13.3 8055 Borneo 18 6 0.0001 0.0002 1.11
South Toba 3 33 0.0027 0.0027 0.00
North Toba 15 54 0.0020 0.0020 0.09
Microsatellites NLoci




Autosomal STR 25 Borneo 127 7.16  4.13 0.53  0.22 0.61  0.25 0.90  0.15
South Toba 9 3.84  1.18 0.60  0.23 0.62  0.16 0.72  0.22
North Toba 101 6.32  3.11 0.61  0.16 0.65  0.16 0.82  0.17
Y-STR 11 Borneo 53 3.18  2.48 – 0.31  0.33 0.90  0.14
South Toba 8 1.27  0.65 – 0.08  0.19 0.88  0.18
North Toba 68 1.91  1.64 – 0.12  0.24 0.91  0.17
Statistics are provided as average and standard deviation for marker systems with multiple independent loci.
*Sequence length in base pairs.
†
Number of sampled individuals.
‡




Watterson’s h per base pair.









***Garza–Williamson index (Garza & Williamson 2001).
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pooling the simulated data into a Bornean and a
Sumatran group after each simulation step. Summary
statistics were then also calculated islandwise, in order
to be able to directly compare to the 2-population mod-
els.
We first performed an initial run of 2 9 106 simula-
tions with the standard rejection sampler (Tavare et al.
1997). These simulations were used for both model
selection and validation. To reduce the dimensionality
of the summary statistics, we performed a principal
component analysis (PCA) with the ‘prcomp’ function
in R version 2.12.1 (R Development Core Team 2010).
We pooled and standardized 100 000 random simula-
tions from each of the two compared models and used
these summary statistics to extract the loadings of the
first 10 principal components. We then transformed
both the simulated and the observed data to perform a
multinomial logistic regression with the R package ‘abc’
version 1.6. For this, we used the 0.1% of the simula-
tions with the smallest Euclidean distance between the
transformed summary statistics and the observed data.
To assess model fit, we also calculated the marginal
densities and the probability of the observed data under
the general linear model (GLM) used for the postsam-
pling regression for each model with ABCTOOLBOX
(Leuenberger & Wegmann 2010). For this, we again
transformed both the simulated summary statistics and
the observed data with the loadings for the first 10 prin-
cipal components. This time, PCA loadings were
obtained for each model separately using 100 000 ran-
dom simulations. The GLM was built from the 2000
simulations closest to the observed data, and we
assessed the goodness of fit of all tested models to the
observed data by calculating the P-value of the
observed data under the GLM (Supporting Table S8,
Supporting information). The P-value is representing
the proportion of the retained simulations showing a
lower or equal likelihood under the inferred GLM as
compared to the observed genetic data (Wegmann et al.
2009b). Thus, low P-values indicate that the observed
data is unlikely to have been generated under the
inferred GLM, implying a bad model fit.
Parameter estimation. To obtain good estimates of the
posterior distributions of the parameters for the best-fit-











Fig. 1 Map of sampling regions in Sundaland used for the demographic modelling. Shaded areas represent the current distribution
of the Sumatran orang-utans and the three subspecies of Bornean orang-utans. The grey line indicates the extent of the exposed
Sunda shelf during the last glacial maximum (19–26 ka, 120 m below current sea level).
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without likelihood method (Wegmann et al. 2009a). To
reduce the dimensionality of the data and extract as
much information as possible about the model parame-
ters, we used the first 20 000 simulations with the stan-
dard sampler to define the first 12 orthogonal
components of the summary statistics that maximize
the covariance matrix between summary statistics and
model parameters. For this, we applied a partial least-
squares (PLS) regression approach (Boulesteix & Strim-
mer 2007) as implemented in the ‘pls’ R package (Mevik
& Wehrens 2007) and used the R script provided in the
ABCTOOLBOX package. We defined the optimal number of
PLS components by assessing the drop in the root-
mean-squared error for each parameter with the inclu-
sion of additional PLS components. This way, a large
set of summary statistics is reduced to a number of
independent components, whereby summary statistics
that are most informative about the model parameters
are weighted more than summary statistics that do not
show much response to changing parameter values
(Wegmann et al. 2009a). The initial simulations were
also used to define the tolerance distance based on a
tolerance level of 0.1 and to calibrate the transition ker-
nel of the MCMC run with a rangeProp setting of 1 unit
of standard deviation (Wegmann et al. 2009a, 2010). We
then ran a total of 107 iterations with the MCMC sam-
pler, followed by a ABC-GLM postsampling regression
(Leuenberger & Wegmann 2010) on the 10 000 simula-
tions with the smallest Euclidean distance to the PLS
components of the observed summary statistics. Finally,
we used R to plot the posterior distributions of impor-
tant model parameters.
ABC validation. The performance of ABC in model selec-
tion and parameter estimation in complex demographic
settings inevitably suffers from the loss of information
when the observed and simulated genetic data are
reduced to a set of summary statistics (Robert et al. 2011).
This necessitates a careful validation of the employed
ABC procedure to avoid biases in the approximation of
posterior probabilities of evaluated models and the esti-
mation of model parameters. Accordingly, we validated
our model selection and parameter estimation approach
with four different procedures. The first three validation
approaches made use of so-called pseudo-observed data
sets (pods), whereby parameter combinations are ran-
domly drawn from the prior distributions and the corre-
sponding summary statistics were simulated under a
given model. These sets of summary statistics were then
treated as if it were real observed data, but as the model
and the corresponding parameter values that generated
these summary statistics were known, we could use the
pods to validate both our model selection and parameter
estimation procedure.
In the first validation step, we investigated the model
misclassification rate for each pairwise model compari-
son by generating 100 pods under each model with
parameters randomly drawn from the prior distributions.
We then performed the same model selection procedure
as with the real observed data and counted the number
of assignments to each model. We derived the model
misclassification rate by counting all assignments of pods
to a model other than the one generating it (Fig. 2).
Second, we assessed the accuracy of the parameter
estimation, in terms of both different point estimators
(mode, average and median) and over the whole poster-
ior distribution under different tolerance levels (propor-
tion of retained simulations). For this, we generated 1000
pods under the best-fitting model (IM10-BNBO-DECSU)
and performed the same parameter estimation procedure
on each pods as for the real data. The accuracy of the
point estimators was assessed using the average of the
root-mean-squared errors (RMSE) over all 1000 pods
(Table S9, Supporting information), while the root-mean-
integrated-squared error (Leuenberger & Wegmann
2010) was used to assess accuracy over the whole poster-
ior distribution (Table S10, Supporting information). The
results indicated that accuracy of the posterior distributions
Fig. 2 Schematic representation of the hierarchical model testing procedure. The 12 tested demographic models can be divided into
four 2-population models and eight 10-populations models (IM10-DECBO not shown). The box above the left–right arrow shows the
model posterior probabilities for each model comparison pair. The overall best-fitting model (IM10-BNBO-DECSU) is shown in a black
frame. The box below the left–right arrow shows the power to distinguish between the two compared models as evaluated in a
cross-validation procedure with 100 validations for each model, with the upper left and lower right boxes showing the correct model
assignments for model 1 and model 2, respectively (SU = Sumatra, BO = Borneo, NT = Sumatra north of Lake Toba, ST = Sumatran
south of Lake Toba). (A) Comparison of four 2-population models, testing gene flow after the population split, exponential popula-
tion growth or decline after the population split and sudden population size change followed by exponential growth or decline. (B)
Comparison between the best-fitting 2-population model and two 10-population models incorporating population structure. (C) Tests
of recent population declines in Sumatra, and Sumatra as well as Borneo. (D) Test of population bottleneck on Borneo. (E) Testing of
a population bottleneck on Sumatra associated with the Toba supereruption 65–75 ka. The leftmost model implements a bottleneck
in all four populations on Sumatra, followed by exponential population recovery. The rightmost model is similar, but restricts the
bottleneck to a size of <100 surviving individuals per population, thus representing a scenario where regions devastated by the Toba
eruption were recolonized from other areas after restoration of the rain forest habitat.
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is little affected by varying tolerance levels and that the
mode of the distribution is the most accurate point esti-
mator for parameter estimation.
Third, to increase confidence in the parameter esti-
mates of the best-fitting model, we checked for biased
posterior distributions by producing 1000 pods under
the best-fitting model with parameter values drawn
from the prior distributions. We used ABCTOOLBOX to cal-
culate the posterior quantiles of the true parameter val-
ues within the estimated posterior distributions for each
pods and used a Kolmogorov–Smirnov test for unifor-
mity in R (Wegmann et al. 2009a). Significant deviation
from uniformity after sequential Bonferroni correction
(Rice 1989) would indicate biased posterior distributions
(Cook et al. 2006). The distribution of posterior quantiles
within which the true values of the pods fell did not sig-
nificantly deviate from the expectation of uniformity for
most parameters (Fig. S4, Supporting information). In
most cases where the posterior quantiles were not dis-
tributed uniformly, data points were overrepresented in
the centre of the histogram, indicating that the posterior
distributions were estimated too conservatively.
In a last validation approach, we tested whether the
best-fitting model (IM10-BNBO-DECSU) and the corre-
sponding posterior distributions of the model parame-
ters are able to reproduce the summary statistics of the
observed data. For this, we randomly sampled 10 000
parameter sets from the inferred posterior distributions
and used these to simulate genetic data under the best-
fitting model. We then carried out a PCA transforma-
tion of the simulated data and plotted the first 16 prin-
cipal components to check whether the transformed
observed data fell within the distribution of the simu-
lated data (Fig. S5, Supporting information). This was
the case for all the first 16 principal components, sug-
gesting that the best-fitting model and its inferred




We tested 12 demographic models, evaluating the
impact of multiple demographic processes on the
current genetic makeup of orang-utan populations
(Fig. 2). We first compared simple models that treated
Bornean and Sumatran orang-utans as single popula-
tions, but differed in the opportunity for migration
after the population split (IM2 vs. I2, Fig. 2A). We
found substantial support for the model allowing
migration after the split [IM2, Bayes factor, i.e. ratio of
model posterior probabilities (BF) 5.18]. However, this
simple isolation with migration model achieved only a
very poor fit to the observed data, as shown by the
probability of the observed data under the GLM used
for parameter estimation (GLM P-value) of 0.003, indi-
cating that additional processes were involved in
shaping the gene pool of orang-utans. Of all four
2-population models tested, we observed a very strong
support for a model that allowed a sudden change in
population size for both populations followed by expo-
nential growth (IM2-BN-GR vs. I2, IM2, IM2-GR, BF
36.79). Still, this model did not achieve a good fit to
the observed data, as evidenced by a P-value of the
observed data under the GLM of only 0.017 (Table S8,
Supporting information).
The poor model fit of all tested 2-population models
can be explained by the extensive population substruc-
ture within the two orang-utan species (Warren et al.
2001; Kanthaswamy et al. 2006; Arora et al. 2010; Nater
et al. 2011, 2013), which differs to a great extent for
female- and male-mediated marker systems (Nater et al.
2011; Nietlisbach et al. 2012). Accordingly, the Ne for
each marker system varies to a large degree and cannot
be described accurately with just one population size
parameter per island. In agreement with this notion, we
found that a basic model with 10 current population
units (IM10) achieved a better fit to the observed
genetic data (GLM P-value 0.224) than all the 2-popula-
tion models (Table S8, Supporting information), and
also obtained much stronger statistical support when
directly compared against the best 2-population model
(IM10 vs. IM2-BN-GR, BF 830.21, Fig. 2B). However, in
our case, a better fit of the 10-population model com-
pared to the 2-population models was not unexpected,
as part of the observed genetic data was used before-
hand to derive the number of population units in the
10-population models. When we computed summary
statistics for the IM10 model without pooling the
genetic data for the Sumatran populations north and
south of Lake Toba, the model fit was still poor (GLM
P-value 0.019). To improve model fit, we first tested
whether a population split sequence following the spe-
cies designation fits the data better than the pattern
suggested by mtDNA data (deepest split within Suma-
tran orang-utans north and south of Lake Toba). This
was strongly rejected by the observed data (IM10 vs.
IM10BO-NT, BF 45.45, Fig. 2B).
We then further tested for recent population declines
in Sumatra (IM10-DECSU vs. IM10, BF 57.03), on Borneo
(IM10-DECBO vs. IM10, BF 0.48) or in both islands
(IM10-DECALL vs. IM10-DECSU, BF 0.94, Fig. 2C). Incor-
porating a population decline in Sumatra considerably
improved the model fit (GLM P-value 0.553).
Next, we tested a model incorporating a bottleneck
on Borneo together with a recent decline in Sumatra
(Fig. 2D), which revealed substantial support for a bot-
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tleneck on Borneo (IM10-BNBO-DECSU vs. IM10-DECSU,
BF 3.60).
Finally, we evaluated the statistical support for a bot-
tleneck on Sumatra associated with the Toba supererup-
tion (Fig. 2E). We found substantial support against a
bottleneck on Sumatra in general (IM10-BNBO-DECSU
vs. IM10-BNBO-TOBA-DECSU, BF 3.29) and overwhelm-
ing support against a severe bottleneck (less than 100
individuals per population) (IM10-BNBO-DECSU vs.
IM10-BNBO-RECOL-DECSU, BF 10 887.60).
After performing a series of hierarchical model selec-
tion steps, we were able to identify a demographic
model (IM10-BNBO-DECSU) capable of reproducing the
observed patterns of DNA variation in the two current
orang-utan species. Therefore, this model is likely to
capture the biologically most relevant processes in the
demographic history of orang-utans.
Parameter estimation
We estimated the model parameters for the selected 10-
population model (IM10-BNBO-DECSU, Fig. 3) based on
a total of 10 million simulations (Table 3, Fig. 4). The
parameter estimates point to a current Ne of ~970 dip-
loid individuals in each of the six Bornean populations.
We found support for a bottleneck on Borneo starting
~135 ka and ending ~82 ka, during which Ne on Borneo
was reduced from an ancestral Ne of ~17 000 individu-
als to ~2600 individuals. The bottleneck on Borneo was
followed by population recovery and substructuring,
with a current total Ne of all Bornean populations of
~6150 individuals.
On Sumatra, the three populations north of Lake
Toba suffered a decline ~24 ka from a Ne of ~10 500 to
currently only ~960 individuals in each of the three
populations, corresponding to a total Ne in the meta-
population north of Lake Toba of ~38 300 and ~3300
individuals before and after the decline, respectively.
We estimated that population structure north of Lake
Toba was established ~860 ka, with an ancestral effec-
tive population size of ~14 400 individuals. The popula-
tion south of Lake Toba also went through a recent
decline ~24 ka from a Ne of ~24 200 individuals in the
ancestral population to currently only ~1030 individu-
als. Thus, Sumatran orang-utan populations first
expanded during the Middle Pleistocene before experi-
encing an islandwide population crash in the Late Pleis-
tocene or Early Holocene.
We inferred the population split time between Borneo
and south Toba as ~1.13 Ma, and between north and
south of Lake Toba as ~3.39 Ma. Gene flow between
Borneo and Sumatra appears to have ceased ~87 ka, but
this parameter was associated with a broad posterior
distribution. We found no evidence for asymmetric
migration rates between Borneo and south of Lake
Toba, and between south of Lake Toba and north of
Lake Toba. The migration rates between the two islands
were comparable to the migration rates over the Toba
caldera on Sumatra, while migration rates among the
populations on Borneo and among those north of Toba,
respectively, were estimated to be about a magnitude
higher.
Discussion
Our modelling approach capitalized on the use of mul-
tiple genetic marker systems and an extensive set of
























Fig. 3 Schematic representation of the
selected 10-population model with a bot-
tleneck on Borneo and recent population
declines in all Sumatran populations
(IM10-BNBO-DECSU).
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previous studies, which based their findings on a small
number of captive individuals with poorly recorded
provenance (Locke et al. 2011; Mailund et al. 2011,
2012). Thus, our study was able to shed light on impor-
tant aspects of orang-utan demographic history that so
far remained unexamined due to nonrepresentative
sampling and dismissal of within-species population
structure. For instance, the inferred model by Locke
et al. (2011) of a continuously expanding Sumatran
orang-utan population with a substantially larger cur-
rent Ne as compared to Bornean orang-utans was
unrealistic in the light of current species distribution
and abundance and did not capture recent population
dynamics. Our results indicate that such misleading sig-
nals are the result of a recent decline and deep diver-
gence of orang-utan populations on Sumatra, which
yields a larger long-term Ne for Sumatran orang-utans
as compared to Bornean orang-utans in oversimplified
demographic models.
Inference of best-fitting model
We inferred that a model with comprehensive popula-
tion structure, a bottleneck on Borneo and a recent
decline in Sumatra (IM10-BNBO-DECSU), fits the
observed data significantly better than a range of sim-
plified models that treat each orang-utan species as a
single panmictic population. Estimation of demographic
parameters under this model revealed a population
split time between Borneo and Sumatran populations
south of Lake Toba of just over a million years ago,
followed by bidirectional gene flow. This species split
time estimate is considerably older than estimates
obtained using whole-genome data, suggesting a spe-
cies split time of between 330 and 600 ka (Locke et al.
2011; Mailund et al. 2011, 2012). Such recent species
split estimates are, however, in disagreement with find-
ings based on mitochondrial DNA, which yielded
divergence time estimates of island-specific mtDNA lin-
eages of 1–5 Ma (Xu & Arnason 1996; Zhi et al. 1996;
Table 3 Estimates of the model parameters for the selected 10-population model with a bottleneck on Borneo and a recent decline in
Sumatra (IM10-BNBO-DECSU)
Parameter Prior* Mode Mean 90%-HPD†
NNOWBO [ind] (6) logunif[100;10 000] 974 1028 348–3011
NNOWNT [ind] (3) logunif[100;10 000] 963 933 239–3613
NNOWST [ind] (1) logunif[100;10 000] 1034 952 189–4514
NBNBO [ind] (1) logunif[100;10 000] 2598 1486 286–9988
NANCBO [ind] (1) logunif[1000;100 000] 17 046 12 344 2171–89 115
NSTRUCNT [ind] (3) logunif[1000;100 000] 10 508 11 278 1886–78 264
NANCNT [ind] (1) logunif[1000;100 000] 14 407 10 519 1565–70 259
NANCST [ind] (1) logunif[1000;100 000] 24 193 13 991 2629–99 070
TBNENDBO [years] unif[8750;400 000] 81 946 149 580 8848–283 785
TBNSTARTBO [years] TBNENDBO + unif[250;100 000] 135 076 191 001 20 855–348 145
TSPLITBO [ka] unif[400;1500] 1128 960 497–1436
TDECSU [years] unif[1.0;3.5] 23 651 36 200 4119–67 272
TSTRUCNT [ka] unif[75;1500] 861 820 267–1398
TSPLITNT [ka] unif[1500;4000] 3392 2995 2101–3999
TMIGSTOP [years] unif[2.5;4.2] 87 034 161 862 8849–310 833
Log(mBO-ST) [migrants/ind/gen] unif[5.0; 3.0] 3.55 3.96 4.79 to 3.09
Log(mST-BO) [migrants/ind/gen] unif[5.0; 3.0] 3.42 3.84 4.61 to 3.10
Log(mNT-ST) [migrants/ind/gen] unif[5.0; 3.0] 3.89 3.98 4.81 to 3.14
Log(mST-NT) [migrants/ind/gen] unif[5.0; 3.0] 3.65 3.92 4.71 to 3.06
Log(mBO) [migrants/ind/gen] unif[4.0; 2.0] 2.52 2.90 3.66 to 2.02
Log(mNT) [migrants/ind/gen] unif[4.0; 2.0] 2.51 2.89 3.65 to 2.03
BO, Borneo, NT, Sumatra north of Lake Toba; ST, Sumatra south of Lake Toba; NNOW, current effective population size; NBN, effec-
tive population size during population bottleneck; NANC, ancestral effective population size; NSTRUC, effective population size before
recent decline; TBNEND, time since population bottleneck ended; TBNSTART, time when population bottleneck started; TSPLIT, popula-
tion split time; TDEC, time since population decline; TSTRUC, time since establishment of population structure; TMIGSTOP, time since
migration between Borneo and Sumatra stopped; m, migration rate per individual per generation (an illustration of the meaning of
the different model parameters can be found in Fig. 3), the number in parentheses next to the population size parameters refer to the
number of simulated populations of this size each.
*The prior distributions for the parameter values were either uniform or loguniform within the boundaries provided in squared
brackets
†
Ninety percent highest posterior density interval.
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Warren et al. 2001; Zhang et al. 2001; Steiper 2006; Nater
et al. 2011).
The discrepancy between model-based species split
estimates using exclusively autosomal data and mtDNA
divergence time estimates from phylogenetic methods
is owed to two idiosyncrasies in the biology of orang-
utans. First, due to the pronounced philopatric tenden-
cies of female orang-utans (Galdikas 1995; Arora et al.
2012; Nietlisbach et al. 2012; van Noordwijk et al. 2012),
mtDNA has likely experienced only little if any gene
flow between the two species after the species split.
Therefore, the coalescent time of island-specific mito-
chondrial lineages is expected to predate the population
split between Borneo and Sumatra, depending on Ne in
the ancestral population (Nichols 2001). Second, due to
male-mediated gene flow, model-based approaches
using solely autosomal data are likely to underestimate
species split times, as disentangling the contributions of
migration and split time remains challenging (Hey &
Nielsen 2004). The recent split time estimates from auto-
somal genomic data might reflect the end of an initial
period of frequent, but strictly male-driven gene flow
after the species split. Such complex temporal fluctua-
tions in migration rates, as expected during glacial
cycles for Sundaland species, are so far not properly
addressed in any applied demographic model. Still,
combining markers with different inheritance patterns
as carried out in this study is likely to improve the esti-
mates of both migration rates and split times in species
with sex-biased dispersal such as orang-utans.
Our findings of recent gene flow between Bornean
and Sumatran orang-utans are in agreement with previ-
ous observations (Muir et al. 2000; Verschoor et al. 2004;
Becquet & Przeworski 2007). In their genomic study,
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Fig. 4 Posterior distributions of important model parameter under the selected 10-population model (IM10-BNBO-DECSU). The abbre-
viations of the model parameters correspond to the labels in Fig. 3. For better comparability, the effective populations sizes of the
structured meta-populations on Borneo and north of Lake Toba are given as the total effective sizes according to the formula
Ne = D 9 N 9 (1 + (1/(4 9 N 9 m))), with D corresponding to the number of subpopulations, N to the mean subpopulation size
and m to the total migration rate per individual per generation within the meta-population (Nichols et al. 2001).
© 2014 John Wiley & Sons Ltd
DEMOGRAPHIC HISTORY OF ORANG- UTANS (PONGO SPP. ) 321
Locke et al. (2011) found an unexpectedly high inci-
dence of low-frequency mutations shared between Bor-
neo and Sumatra, which also hints at recent gene flow
between the two islands. Contrary to studies indicating
the presence of impassable dispersal barriers on the
exposed Sunda shelf, due to either large river systems
(Harrison et al. 2006) or a putative savannah corridor
(Gathorne-Hardy et al. 2002; Bird et al. 2005), it seems
that habitat conditions during glacial periods did at
least sporadically allow male orang-utans to cross the
exposed Sunda shelf. However, given the strict and
long-lasting separation of mtDNA lineages on both
islands (Nater et al. 2011), it appears that the exposed
shelf was not covered with forest able to sustain orang-
utan populations over prolonged periods. In fact, large
parts of the Sunda shelf between Borneo and Sumatra
were covered with nutrient-poor sandy soils (Bird et al.
2005; Slik et al. 2011). Forests on such soil types are
characterized by low growth and productivity (Paoli
et al. 2010). These constraints might explain why orang-
utan populations on both islands could not expand
onto the exposed shelf to an extent where population
admixture and thus exchange of mtDNA lineages was
possible.
Glacial cycles and population size changes
As we also tested models that incorporated sudden
population size changes, we were able to detect signals
of a population bottleneck on Borneo. In contrast to
Sumatra, the currently observed pattern of strong popu-
lation differentiation on Borneo (Warren et al. 2001;
Arora et al. 2010) seems to have been established only
recently, as parameter estimation indicated that Bornean
orang-utans were organized at least temporarily as a
single panmictic population before ~80 ka. At ~140 ka,
the ancient population on Borneo experienced a sudden
drop in Ne from ~17 000 to ~2500 individuals, which
then recovered again to the current total Ne of ~6000 for
all Bornean orang-utans. Such a change in both Ne and
population structure could be explained by a common
Bornean refugium during either the penultimate (190–
130 ka) or last (110–18 ka) glacial period, when the
drier and more seasonal climate might have caused a
drastic reduction of rainforest coverage on Borneo
(Morley 2000; Gathorne-Hardy et al. 2002; Bird et al.
2005). Population contractions with subsequent expan-
sions likely occurred multiple times on Borneo during
Pleistocene glacial and interglacial cycles, but incorpo-
rating such complex population dynamics into a demo-
graphic model is currently not feasible with the data at
hand.
Interestingly, a similar signal of a glacial refugium
with subsequent population structuring, as observed in
Bornean orang-utans, has been found in western goril-
las (Gorilla gorilla). Using a demographic modelling
approach comparable to our study, Thalmann et al.
(2011) found that the two subspecies of western goril-
las (G. g. gorilla and G. g. diehli) diverged only about
~18 ka, thus directly following the last glacial maxi-
mum (LGM) 19–26 ka (Clark et al. 2009). Furthermore,
the ancient population of western gorillas exhibited a
Ne of just ~2500 individuals as compared to 22 000
and 17 000 individuals in the two subspecies after the
population split. Therefore, it seems that western goril-
las, similar to Bornean orang-utans, were constrained
to a relatively small refugial population during glacial
periods from which they subsequently expanded when
the climate got warmer and wetter during intergla-
cials.
Geological processes and population size changes
Linking bottleneck signals to specific environmental
processes is difficult due to the large confidence inter-
vals associated with most parameter estimates. For
instance, the 90% highest posterior density interval for
the estimate of the start of the bottleneck on Borneo
(21–348 ka) also overlaps with the Toba supereruption
on northern Sumatra ~73 ka (Chesner et al. 1991). It has
been hypothesized that this colossal explosive eruption
might have had a strong global impact, causing a severe
bottleneck in humans (Rampino & Ambrose 2000).
However, evidence presented here points towards cli-
matic changes during the glacial periods rather than the
Toba supereruption as being the main cause for the
detected bottleneck on Borneo, as our results showed
that the supereruption did not even have a strong
impact on the Sumatran populations despite their much
closer geographic proximity. Models incorporating a
severe bottleneck in the Sumatran populations around
the time of the supereruption were clearly rejected, and
the signal of a recent population decline in Sumatra
was considerably younger than the Toba supereruption.
Studies indicate that the destruction caused by the Toba
supereruption had been geographically limited, as
shown by the distribution of rainforest refugia in South-
East Asia (Gathorne-Hardy et al. 2002), including on
Mentawai Island around 350 km from the Toba caldera
(Gathorne-Hardy & Harcourt-Smith 2003), as well as
the similar composition of South-East Asian fossil sites
before and after the date of the supereruption (Louys
2007). Given the proximity of contemporary populations
of Sumatran orang-utans to the Toba caldera and the
strong dependency of orang-utans on intact rain forest
habitat, they are undoubtedly one of the most striking
examples illustrating the limited impact of the Toba su-
pereruption on the local flora and fauna in South-East
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Asia. However, the lack of bottleneck signals in the Su-
matran populations does not imply that the activity of
the Toba volcano did not influence the population his-
tory of Sumatran orang-utans at all. Rather, the results
of this study, as well as previous findings (Nater et al.
2011, 2013), highlighted that the Toba eruptions must
have repeatedly caused devastating damage to the local
surroundings, which led to a long-lasting separation of
gene pools north and south of Lake Toba.
In contrast to Toba as cause for the bottleneck on Bor-
neo, a contraction of rainforests following the colder
and drier climate during the last glacial period explains
the absence of a similar bottleneck in the Sumatran pop-
ulation history well. During the generally drier glacial
periods, large parts of Sumatra experienced consider-
ably more rain fall compared to Borneo (Whitten et al.
2000; Gathorne-Hardy et al. 2002), because the Barisan
mountain range running the length of Sumatra acted as
a barrier for the wet monsoon winds, causing high pre-
cipitation along its western slopes (Whitten et al. 2000).
This mountain ridge effect in combination with the
close proximity to the sea during glacial periods, when
sea levels were low, might have allowed large areas of
rainforest to persist on Sumatra during glacial periods
(Gathorne-Hardy et al. 2002). Thus, Sumatran orang-
utans were almost certainly not forced into glacial refu-
gia to the same extent as Borneans.
Anthropogenic impacts on orang-utan populations
While Sumatran orang-utans did not seem to go
through glacial bottlenecks, we found evidence for
recent and drastic declines in population sizes north
and south of Lake Toba. These signals of population
decline cannot be attributed to the large-scale human-
induced habitat degradation that started in the last cen-
tury (Rijksen & Meijaard 1999), of which genetic signals
were found in previous studies of Bornean orang-utans
(Goossens et al. 2006; Sharma et al. 2012). Rather, our
results point towards an earlier decline in the Late
Pleistocene or Early Holocene. In the Late Pleistocene,
orang-utans went extinct on the South-East Asian main-
land as well as in many Sundaland regions (Jablonski
1998; Rijksen & Meijaard 1999; Delgado & Van Schaik
2000). Furthermore, the Pleistocene–Holocene boundary
is characterized by the disappearance of many large-
bodied animals worldwide (Koch & Barnosky 2006),
including large parts of the megafauna in South-East
Asia (Louys et al. 2007). The increased occurrence of
megafaunal extinctions during this period has been
attributed to climatic changes following the LGM, the
impact of human hunting and human-induced habitat
changes, or the combination of these two factors
(reviewed in Koch & Barnosky 2006).
Both climatic and anthropogenic factors might have
played a role in the decline and local extinctions of
orang-utan populations in the Late Pleistocene. During
the LGM, the drier and more seasonal climate caused a
shifting of zones of evergreen rainforest towards the
equator (Flenley 1998; Jablonski 1998; Morley 2000),
likely causing populations in southern China to go
extinct. The warmer climate following the LGM was
accompanied by rising sea levels, which drastically
increased the extent of coastlines in Sundaland (Voris
2000). This enlargement of coastal habitat might have
promoted an expansion of early modern humans on
Sundaland, leading to increased hunting pressure on
large-bodied animals, including orang-utans (Hill et al.
2007; Soares et al. 2008). Such hunting by modern
humans might have caused the local extinctions of
orang-utans on many Sundaland islands and led to a
strong decline in Sumatran populations north and south
of Lake Toba. Bornean orang-utans did not seem to be
as strongly affected by human hunting, probably
because the large size and low productivity of Borneo
left enough inland areas with relatively low human
densities (Delgado & Van Schaik 2000).
Our modelling approach revealed that the two recog-
nized orang-utan species experienced drastically differ-
ent demographic histories. Sumatran orang-utans
exhibit a deep and temporally stable population struc-
ture, including an old divergence of gene pools north
and south of Lake Toba with limited amount of gene
flow over the Toba caldera. The populations on Suma-
tra went recently through a strong decline, which, in
combination with strong population structure, explains
the high genetic diversity found in recent genomic stud-
ies despite their low current census size (Locke et al.
2011; Prado-Martinez et al. 2013). In contrast, we find
that the population structure currently observed within
Bornean orang-utans has been established only recently
and the population went through at least one bottleneck
most likely associated with a glacial refugium.
These results strongly suggest that special consider-
ation needs to be given to demographic factors when
analysing adaptive evolutionary processes in great apes.
Due to their strong dependence on intact forest habitat,
most great ape taxa were severely affected by the cli-
mate shifts during glacial periods, which were accom-
panied by drastic changes in forest coverage in the
tropics (Flenley 1998; Morley 2000). Accordingly, great
ape populations experienced population bottlenecks,
founder events, population expansions and population
structuring as recent as 15 000 years ago (Clark et al.
2009). Given the long generation time of all great apes
(18–30 years, Wich et al. 2009), great ape populations
will likely not have reached an equilibrium state for
most genomic regions. Thus, population expansions
© 2014 John Wiley & Sons Ltd
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and substructuring caused by relatively recent climatic
changes might produce erroneous signals of selective
sweeps if demography is not taken into account. Our
results therefore emphasize the need to further advance
the development of tools to jointly estimate demogra-
phy and selection in order to unravel the convoluted
evolutionary history of great apes (Li et al. 2012).
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Abstract
A multitude of  factors influence how natural populations are genetically structured, including dispersal barriers, inhomogene-
ous habitats, and social organization. Such population subdivision is of  special concern in endangered species, as it may lead 
to reduced adaptive potential and inbreeding in local subpopulations, thus increasing the risk of  future extinctions. With only 
6600 animals left in the wild, Sumatran orangutans (Pongo abelii) are among the most endangered, but also most enigmatic, 
great ape species. In order to infer the fine-scale population structure and connectivity of  Sumatran orangutans, we analyzed 
the most comprehensive set of  samples to date, including mitochondrial hyper-variable region I haplotypes for 123 individu-
als and genotypes of  27 autosomal microsatellite markers for 109 individuals. For both mitochondrial and autosomal markers, 
we found a pronounced population structure, caused by major rivers, mountain ridges, and the Toba caldera. We found that 
genetic diversity and corresponding long-term effective population size estimates vary strongly among sampling regions for 
mitochondrial DNA, but show remarkable similarity for autosomal markers, hinting at male-driven long-distance gene flow. 
In support of  this, we identified several individuals that were most likely sired by males originating from other genetic clusters. 
Our results highlight the effect of  natural barriers in shaping the genetic structure of  great ape populations, but also point 
toward important dispersal corridors on northern Sumatra that allow for genetic exchange.
Key words: conservation, gene flow, Great apes, microsatellites, Sundaland
Most natural populations do not behave like single units, in 
which random mating occurs over the entire distribution 
(Kimura and Weiss 1964). Rather, most populations are 
genetically structured, the extent of  which is determined by 
several factors. Geographical factors include both isolation 
by distance (Wright 1943) and physical barriers impeding 
gene flow across them, such as mountain ridges, rivers, 
and deserts. Ecological factors concern the distribution of  
resources and predators, which may lead to an aggregation 
of  individuals within high-quality habitat patches (Slatkin 
1987). A third category includes social, mating, and dispersal 
behaviors. Gregarious species, where individuals live in 
social groups, often show a marked population structure 
even in the complete absence of  obvious geographical or 
ecological factors (Storz 1999; Ross 2001). Yet, strong genetic 
structuring imposed by limited dispersal has also been found 
in non-gregarious species. This is because in both gregarious 
and non-gregarious species it is potentially advantageous 
for individuals to show some degree of  philopatry, as in the 
natal area food resources are familiar and kin is available 
Journal of Heredity 2013:104(1):2–13
doi:10.1093/jhered/ess065
Advance Access publication October 16, 2012
 10.1093/jhered/ess065



















Nater et al. • Population Structure Sumatran Orangutan
3
for social support (Johnson and Gaines 1990; Handley and 
Perrin 2007). Moreover, dispersal is usually heavily biased 
toward one sex, because one major benefit of  dispersal is 
the avoidance of  inbreeding (Bengtsson 1978; Pusey 1987). 
As a consequence, the extent of  observed genetic structure 
may vary greatly depending on the inheritance mode of  the 
genetic marker system used to investigate such patterns.
The underlying genetic structure of  populations is especially 
important from a conservation perspective. Genetic structure 
may lead to local isolation of  gene pools, resulting in effective 
subpopulation sizes that are only a fraction of  the effective pop-
ulation size in a population without substructure (Charlesworth 
2009). This has three important evolutionary consequences. 
First, lower effective sizes of  subpopulations lead to stronger 
genetic drift effects and a reduced number of  mutation events 
in each subpopulation. As a consequence, genetic diversity 
within each subpopulation will be lower compared with that of  
an unstructured population. Moreover, deleterious mutations 
that would be eliminated by background selection in unstruc-
tured populations might become fixed in small subpopulations, 
thus reducing the average population fitness (Hedrick and 
Kalinowski 2000; Reed and Frankham 2003). Second, popula-
tion structuring increases the chance of  mating among relatives, 
therefore causing potential loss of  fitness due to inbreeding 
depression (Hedrick and Kalinowski 2000). Third, local separa-
tion of  genetic variants will allow different selection pressures 
to act on specific subpopulations, thus allowing for adapta-
tions to specific local environmental conditions (Williams 1966; 
Kawecki and Ebert 2004). While local adaptations raise the 
average fitness of  subpopulations in a constant environment, 
the loss of  genetic diversity reduces the potential of  the sub-
populations to adapt to changing environmental conditions and 
therefore carries greater risks of  future extinctions (Reed and 
Frankham 2003). All these negative effects, however, can be 
counterbalanced by gene flow among subpopulations (Slatkin 
1987). Therefore, knowledge about the extent to which genetic 
diversity is structured and exchanged across the range of  a spe-
cies is crucial to predict the long-term survival of  populations 
and to implement effective conservation measures.
Population subdivision is a major concern in large-bodied 
animals with small population sizes, slow life histories, and 
low rates of  reproduction, as such taxa are especially vulner-
able to the aforementioned negative effects of  population 
fragmentation (Hedrick and Kalinowski 2000). Great apes 
are of  special interest in investigating the causes and conse-
quences of  population subdivision, not only because study-
ing their population histories can reveal valuable insights into 
the evolution of  modern humans, but also because all extant 
species are listed as endangered or even critically endangered 
(IUCN 2011). Furthermore, great apes show variation in 
dispersal patterns, which affects the genetic structuring of  
populations. For instance, chimpanzees (Pan troglodytes) and 
bonobos (Pan paniscus) show female-biased dispersal (Tautz 
et al. 1999; Mitani et al. 2002), whereas males are the dis-
persing sex in orangutans (Pongo spp.) (Singleton and van 
Schaik 2002; Morrogh-Bernard et al. 2011; van Noordwijk 
et al. 2012; Arora et al. 2012), as is the case in most mammals 
(Dobson 1982). In contrast, in gorillas (Gorilla spp.), both 
sexes disperse, even though mean dispersal distance is differ-
ent between males and females (Douadi et al. 2007).
In the past, a substantial body of  work has investigated 
population structure in great apes, such as in chimpanzees 
(Becquet et al. 2007; Gonder et al. 2011), bonobos (Eriksson 
et al. 2004; Eriksson et al. 2006), gorillas (Bergl and Vigilant 
2007; Guschanski et al. 2008), and Bornean orangutans 
(Pongo pygmaeus) (Warren et al. 2001; Goossens et al. 2005; 
Jalil et al. 2008; Arora et al. 2010). Yet, a detailed popula-
tion genetic analysis of  Sumatran orangutans (Pongo abelii) is 
still lacking, even though Sumatran orangutans are critically 
endangered (IUCN 2011). As of  today, only an estimated 
6600 individuals remain in the wild, when compared with 
about 54 000 Bornean orangutans (Wich et al. 2008). In con-
trast to the Bornean species, where three subspecies have 
been defined based on morphological characters (Groves 
2001), no subspecies have been proposed for Sumatran 
orangutans.
Historically, Sumatran orangutans populated most of  the 
Indonesian island of  Sumatra, as evidenced by fossil finds 
and historical records (Rijksen and Meijaard 1999; Delgado 
and Van Schaik 2000). The current distribution is, however, 
restricted to small forest patches on the northern tip of  
Sumatra (Wich et al. 2008). Ecological and anthropogenic 
factors, such as prehistoric hunting and recent deforestation, 
have been suggested as explanations for the drastic range 
collapse of  orangutans (Delgado and Van Schaik 2000). 
The comparatively limited range of  Sumatran orangutans 
that remains today is subdivided by major rivers and moun-
tain ridges. Moreover, the massive forest exploitation that 
started in the last century (Rijksen and Meijaard 1999) has 
caused severe habitat fragmentation, leaving habitat blocks 
of  continuous forest that often harbor only a few hundred 
individuals (Wich et al. 2008). This habitat fragmentation in 
combination with the potentially very strong reproductive 
skew in Sumatran orangutan males (Setia and van Schaik 
2007; Utami Atmoko et al. 2009) might have drastically 
reduced the effective sizes of  local subpopulations, thus 
minimizing genetic diversity and posing a severe threat of  
future extinctions.
Sumatran orangutans show the strictest arboreality 
among all great apes (Delgado and Van Schaik 2000) and 
occur in two different rain-forest habitat types. Low-altitude 
peat-swamp forests offer high and constant food supplies 
and support the highest population densities (Husson 
et al. 2009). At lower densities, permanent populations of  
Sumatran orangutans can be found in dry-land forests up to 
an altitude of  1500 m above sea level or more (Wich et al. 
2004; Husson et al. 2009). However, in non-riverine dry-
land forests, the mast fruiting phenomenon causes extreme 
temporal fluctuations in food availability (Knott 1998; 
Husson et al. 2009), which may act as a strong selective 
pressure for adaptive traits related to prolonged food 
scarcity. Unfortunately, due to the absence of  long-term 
field studies covering the entire extant range of  Sumatran 
orangutans, little is known about variation in behavior, 
physiology, and morphology within this species that could 
hint at the presence of  habitat specific adaptations.
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The current lack of  knowledge about the genetic struc-
ture of  Sumatran orangutans is mainly caused by difficulties 
in obtaining samples with reliable provenance throughout 
the entire species’ range. This factor prevented most previ-
ous genetic studies from interpreting the extraordinary high 
diversity on the mitochondrial DNA (mtDNA) level they 
found in Sumatran orangutans when compared with their 
Bornean sister species (Muir et al. 2000; Kanthaswamy et al. 
2006; Steiper 2006). However, using samples with a well-
defined geographic origin, Nater et al. (2011) showed that 
mitochondrial variation is strongly geographically structured 
on Sumatra. This study identified four distinct mitochondrial 
clusters in Sumatran orangutans, with divergence times of  
up to 3.5 million years. Similar, albeit less-pronounced pat-
terns of  geographical structuring of  mtDNA was found in 
Bornean orangutans (Warren et al. 2001; Arora et al. 2010). 
However, mtDNA is not a good indicator of  population 
structure and gene flow in species that show a strong male-
bias in dispersal, like orangutans (Galdikas 1995; Singleton 
and van Schaik 2002; Morrogh-Bernard et al. 2011). In fact, 
using Y-chromosomal markers, Nater et al. (2011) showed 
that the deep divergence and strong geographic clustering 
observed with mtDNA is not present in the male population 
history, indicating long-distance migration by males across 
Sumatra. The amount of  gene flow and the resulting extent 
of  homogenization of  autosomal gene pools among local 
subpopulations is, however, impossible to measure using 
only sex-linked marker systems.
In this study, we aimed to unravel patterns of  genetic diver-
sity and differentiation in Sumatran orangutans, using a com-
bination of  mitochondrial and autosomal genetic markers. We 
investigated the role of  geographical, ecological, and behavio-
ral factors underlying the fine-scale population structure and 
tested for connectivity among subpopulations. To achieve this, 
we analyzed the most comprehensive and largest set of  oran-
gutan samples from Sumatra to date, using samples from wild 
individuals originating from the entire species’ range.
Materials and Methods
Sample Collection
Three different kinds of  orangutan samples were analyzed 
for this study: First, fecal samples were collected non-inva-
sively at long-term study sites. Second, in areas where animals 
were not habituated, we collected hair samples from deserted 
nests. Third, we obtained blood and hair samples of  confis-
cated wild-born orangutans from the quarantine station of  
the Sumatran Orangutan Conservation Program (SOCP) in 
Medan, North Sumatra.
We obtained orangutan samples from seven different sam-
pling regions (Figure 1A): Tripa (TR), North Aceh (NA, north 
of  Tamiang River), West Leuser (WL), Central Leuser (CL, 
west side of  Alas River), Langkat (LK, east of  Alas River, south 
of  Tamiang River), Batu Ardan (BA, east of  Alas River, west 
of  Lake Toba), and Batang Toru (BT, south of  Lake Toba) 
(see Supplementary Table S1 online). Fecal and hair samples 
were collected and stored following the genetic sampling 
protocol of  the orangutan network (http://www.aim.uzh.ch/
orangutannetwork, last accessed August 24, 2012). All blood 
samples were taken during routine veterinary examination in 
the SOCP quarantine station. Blood samples were collected in 
standard EDTA blood collection tubes and stored at −20 °C.
The amount and reliability of  information about the wild 
origin of  rehabilitant orangutans varied considerably. We 
classified the provenance of  these individuals as reliable if  
the location of  confiscation was known in detail and if  this 
location was near an extant wild orangutan population. The 
samples from rehabilitant orangutans that did not meet these 
criteria were classified as having unknown provenance and 
excluded from certain analyses (see below).
The collection and transport of  samples was carried out 
in compliance with Indonesian and international regulations. 
Samples were exported from Indonesia to Zurich under the 
Convention on International Trade in Endangered Species 




DNA from fecal, hair, and blood samples was extracted 
and processed following the procedures described in Nater 
et al. (2011). We used a set of  12 human-derived (Goossens 
et al. 2005) and 15 species-specific microsatellite markers 
(Nietlisbach et al. 2010) to genotype the orangutan samples. 
In order to minimize genotyping errors due to allelic drop-
out, we followed the real-time PCR approach from Morin 
et al. (2001), performing between two and seven independ-
ent PCR repetitions per sample. PCR conditions and frag-
ment length analysis are described in Arora et al. (2010) and 
Nietlisbach et al. (2010). We were able to genotype 112 out 
of  162 samples for at least 24 microsatellite loci. The identity 
check revealed three and two samples that were present as a 
triplicate and a duplicate, respectively, resulting in 109 unique 
genotypes.
For the sequencing of  the hyper-variable region I (HVRI) 
of  the mtDNA d-loop, we used the same primers, PCR 
conditions, and sequencing chemistry as Arora et al. 
(2010), resulting in a final alignment of  457 base pairs. 
Some sequences were from samples with insufficient DNA 
quantity for successful microsatellite genotyping. To avoid 
duplicates in the HVRI dataset, we only included sequences 
from individuals that had either a distinct genotype or were 
sampled more than 50 km apart from other samples in the 
dataset, resulting in 123 HVRI sequences. The sequences 
are deposited on GenBank under the accession numbers 
JQ962945–JQ962972.
HVRI Median-Joining Network
A median-joining network (Bandelt et al. 1999) using all 
HVRI sequences was drawn using NETWORK v4.6.0.0 and 
NETWORK PUBLISHER v1.3.0.0 (http://www.fluxus-
engineering.com, last accessed August 24, 2012). An epsilon 
value of  zero and equal weighting of  all nucleotide positions 
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was used for the network presented here. Using higher epsi-
lon values or differently weighted transitions/transversions 
did not change the basic structure of  the network.
Summary Statistics
We computed summary statistics and genetic differentiation 
measures for HVRI sequences and autosomal microsatellites 
using ARLEQUIN v3.5.1.2 (Excoffier and Lischer 2010). 
For both mitochondrial and autosomal datasets, we incor-
porated only samples with reliable provenance information. 
Based on this information, we divided the sample set a priori 
into seven sampling regions (Table 1).
To assess pairwise population differentiation, we calcu-
lated the differentiation measures ΦST (HVRI, Excoffier 
et al. 1992) and RST (microsatellites, Slatkin 1995). We used 
the Tamura and Nei distance correction (Tamura and Nei 
1993) with a gamma value of  0.219 for the calculation of  the 
genetic distance matrix for ΦST, as determined by the model 
selection test with jMODELTEST v0.1.1 (Posada 2008). 
To infer the long-term effective population size Ne of  the 
seven sampling regions, we calculated the estimators θπ (based 
on the mean pairwise genetic distance between sequences; 
Tajima 1983) and θH (based on the heterozygosity of  micro-
satellites; Ohta and Kimura 1973). Additionally, we used a 
likelihood-based estimator of  θ (referred to as θL) using the 
software LAMARC v2.1.6 (Kuhner 2006). We applied the 
GTR+I nucleotide substitution model (Lanave et al. 1984) 
for the HVRI sequence data, which is the best-fitting of  the 
supported models inferred by jMODELTEST, and the step-
wise mutation model for the microsatellite data. The analysis 
was performed for each sampling region separately, and we 
used the Bayesian sampler with two chains of  1 000 000 steps 
each, sampling every 20th step and discarding the first 5000 
samples as burn-in. The prior distribution of  θ ranged from 
10−5 to 10 (uniform on a natural logarithmic scale) and the 
starting value of  θ was set to 0.01.
The different estimators of  θ were used to calculate 
Ne, with θ equaling Neµ for mitochondrial and 4Neµ for 
autosomal markers. Thus, these estimators allow inferring 
long-term Ne from a single population sample if  the mutation 
rate is known. We used a mutation rate of  4.108 × 10−6 per 
site per generation for HVRI (Soares et al. 2009), assuming 
a generation time of  25 years (Wich et al. 2009), or 1 × 10−4 
per locus per generation for the autosomal microsatellites 
(Schlötterer 2000).
Autosomal Genetic Structure
To assess genetic structure based on autosomal microsat-
ellites, we first performed a principal component analysis 
Figure 1. (A) Map of  sampling regions in northern Sumatra. Labels in italics denote important geographic features. The 
red shading represents the current distribution of  Sumatran orangutans. (B) Median-joining network of  mitochondrial HVRI 
haplotypes. The red numbers in between the nodes indicate the number of  mutational steps in between haplotypes (one step if  
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(PCA) using the covariance-standardized method as imple-
mented in the software GENALEX v6.41. Next, we used the 
Bayesian clustering algorithm implemented in the software 
STRUCTURE v2.3.3 (Pritchard et al. 2000) to identify dis-
tinct genetic clusters in the dataset. Because both methods do 
not require making a priori assumptions about genetic struc-
ture, we were able to include samples with unknown proven-
ance. For the STRUCTURE analysis, we used the admixture 
model with correlated allele frequencies, a burn-in length 
of  3 × 105 steps followed by 3 × 106 MCMC steps. We ran 
the analysis with K values ranging from 1 to 10. For each 
K we performed 10 independent runs and averaged the ln 
Pr(Data|K) statistic over all iterations. Since the Pr(Data|K) 
estimator has been shown to overestimate K, as it frequently 
plateaus at higher values than the true number of  K (Evanno 
et al. 2005), we also calculated the delta K statistic (Evanno 
et al. 2005), which gives a conservative estimate of  K.
Migrant Detection
To assess the level of  subpopulation connectivity, we identi-
fied individuals in the dataset that were either direct migrants 
or first generation offspring of  direct migrants and local indi-
viduals. To achieve this, we used two different methods. First, 
given the strong geographic clustering of  mtDNA haplo-
types (Nater et al. 2011), we checked the median-joining net-
work for individuals with reliable provenance that clustered 
with samples from another geographic region in order to 
detect direct migrants. Second, we used a Bayesian approach 
to assign individual genotypes to different subpopulations 
as either local individuals, direct migrants or F1 admixed 
individuals, as implemented in the software BAYESASS 1.3 
(Wilson and Rannala 2003). For this, we pre-assigned the 
individuals to the three different clusters identified in the 
previous STRUCTURE analysis and ran the MCMC analysis 
two times independently for 2.4 × 107 steps each, including 
a burn-in of  4 × 106 steps, with sampling every 2000 steps. 
Both runs combined resulted in a total of  20 000 assign-
ments for each individual.
Results
HVRI Median-Joining Network
The median-joining network (Figure 1B) showed a strong 
structuring of  mtDNA haplotypes into four geographically 
distinct clusters: (1) Batang Toru, (2) Langkat, (3) Tripa, West 
Leuser, Central Leuser and Batu Ardan (referred to as West 
Alas cluster), and (4) North Aceh. We did not observe any 
haplotype sharing among these four clusters in our dataset of  
individuals with reliable provenance information.
Summary Statistics
The division of  mitochondrial haplotypes into four distinct 
clusters as apparent in the mtDNA network correlated 
well with the ΦST statistic of  genetic differentiation, as all 
comparisons between different clusters were highly significant 
(Table 2, above diagonal). However, within the West Alas 
Table 2 Pairwise population differentiation values for HVRI 
(ΦST, above diagonal) and autosomal microsatellites (RST, below 
diagonal)
ΦST/RST TR NA WL CL LK BA BT
TR - 0.89*** 0.58*** 0.70*** 0.95*** 0.61** 0.97***
NA 0.05* - 0.94*** 0.99*** 0.98*** 0.98*** 0.99***
WL 0.02 0.06** - 0.04 0.96*** 0.01 0.98***
CL 0.04* 0.11*** 0.02 - 0.99*** 0.02 1.00***
LK 0.02 0.02 0.05*** 0.05*** - 0.98*** 0.99***
BA 0.05 0.07* 0.07*** 0.08** 0.00 - 0.99***
BT 0.12** 0.17*** 0.14*** 0.10*** 0.08*** 0.12** –
*P < 0.05; **P < 0.01; ***P < 0.001.
Table 1 Summary statistics for all examined orangutan sampling regions
HVRI Autosomal microsatellites
Sampling region Habitata NSamples θπb HDc Ned NSamples HEe θHf Neg Censush
Tripa (TR)i PSF 7 12.78 0.95 6808 9 0.64 1.68 4197 ~380
North Aceh (NA) DF 10 0.79 0.51 389 10 0.61 1.60 4009 ~350
West Leuser (WL) PSF 28 3.78 0.54 2013 21 0.61 1.61 4023 ~3000
Central Leuser (CL) DF 14 0.44 0.27 237 15 0.59 1.56 3901 ~1100
Langkat (LK) DF 26 1.40 0.80 747 24 0.64 1.66 4162 ~1050
Batu Ardan (BA) DF 8 0.78 0.46 417 9 0.59 1.57 3929 ~300
Batang Toru (BT) DF 18 0.96 0.65 503 8 0.63 1.63 4087 ~550
aPrevailing habitat type; PSF, peat-swamp forest; DF, dry-land forest (Husson et al. 2009).
bEstimate of  θ = Neµ based on the mean pairwise corrected nucleotide distance.
cHaplotypic diversity (Nei 1987).
dEffective population size, based on a mutation rate of  1.643 × 10−7 per site per year and a generation time of  25 years.
eMean expected heterozygosity.
fEstimate of  θ = 4Neµ based on the mean expected heterozygosity.
gEffective population size, based on a mutation rate of  10−4 per locus per generation.
hEstimated census size (Wich et al. 2008).
iThe sampling region of  Tripa includes coastal and highland areas.
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cluster, the sampling region of  Tripa was also significantly 
differentiated from all other regions in the same cluster. 
This differentiation points to highly different haplotype 
frequencies between Tripa and the other regions within this 
cluster, as these all share haplotypes among each other.
The RST measures for the microsatellites revealed addi-
tional information about the population structure beyond 
female philopatric patterns (Table 2, below diagonal). Three 
main patterns emerged. First, Batang Toru, the only sam-
pling region south of  Lake Toba, was highly differentiated 
from all other regions. Second, in contrast to high mtDNA 
differentiation, Tripa showed low RST-values to most other 
sampling regions, except Batang Toru. Third, the region of  
Langkat showed low differentiation to North Aceh, Tripa, 
and Batu Ardan.
The different estimators of  θ revealed consistent patterns 
among the seven sampling regions, but estimates of  θ for 
the microsatellite loci were consistently higher for θL when 
compared with θH (see Supplementary Table S2 online). 
We found that the genetic diversity estimates based on 
mtDNA and the corresponding Ne varied extensively across 
the different sampling regions (Table 1), as expected from 
the large differences in density estimates and habitat areas 
(Wich et al. 2008; Husson et al. 2009). In general, the esti-
mated effective population sizes were similar to the census 
size estimates for most sampling regions (Wich et al. 2008). 
There was one striking exception. Tripa on the northwest 
coast exhibited the highest sequence diversity among the 
seven sampling regions and a Ne of  nearly 7000 individuals, 
but contains among the smallest number of  orangutans, 
with an estimated census size of  less than 400 individuals. 
The Tripa region also showed a positive Tajima’s D statistic 
and a multimodal pairwise mismatch distribution of  HVRI 
sequences, indicating a recent population decline, while most 
other regions exhibited negative values of  D and unimodal 
mismatch distributions, indicating recent expansions (Figure 
S3; see Supplementary Table S2 online). In contrast to the 
large regional variability for mtDNA, autosomal estimates 
of  genetic diversity and Ne were remarkably similar among 
sampling regions (Table 1).
Autosomal Genetic Structure
The PCA revealed a geographically defined structure in the 
autosomal microsatellite data (Figure 2). The first principal 
component (PC) explained 25.11% of  the total variance and 
distinguished between the sampling regions west and east of  
the Alas River. The region south of  Lake Toba, Batang Toru, 
clusters with the regions east of  the Alas River and cannot be 
distinguished with the first PC only. The second PC, explain-
ing a further 18.07% of  the variance, separated Batang Toru 
from all sampling regions north of  Lake Toba. Therefore, by 
combining both PCs (explaining 43.18% of  the total vari-
ance), there appears to be three clusters of  sampling regions, 
separated from each other by the Alas River and Lake Toba. 
The separation was, however, not perfect, as the regions of  
WL, TR, BA, and CL showed outliers within the variation of  
other regions. The additional PCs did not seem to contain 
Figure 2. Principal component analysis of  the autosomal microsatellite markers for all seven sampling regions.
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any further information about geographic structuring of  
genotypes (Supplementary Figure S4).
The STRUCTURE analysis resulted in a clear signal 
for substructure in the Sumatran autosomal microsatel-
lite dataset. Highest delta K was achieved for three clusters, 
while Pr(Data|K) peaked at five clusters (Supplementary 
Figure S5). At K = 3, the clusters corresponded largely to 
the mtDNA haplotype clusters described above, with some 
exceptions (Figure 3). First, the North Aceh and Langkat 
regions grouped together. Second, the region of  Batu 
Ardan, which in the HVRI network assigned to the West 
Alas cluster, showed for autosomal markers a clear affinity 
to the Langkat and North Aceh regions. Third, the separa-
tion between the two genetic clusters north of  Lake Toba 
(West Alas and Langkat/North Aceh) was not as sharp as 
for the mtDNA, as regions close to the geographic bounda-
ries of  the two clusters revealed a number of  individuals 
with admixed genotypes. In contrast, samples from south 
of  Lake Toba (Batang Toru) showed much less signals of  
admixture. Patterns of  genetic admixture were also evident 
when the membership coefficients Q for each cluster were 
plotted in ranked order for all individuals for each cluster 
(Supplementary Figure S6). While all three curves showed 
two asymptotes at Q = 0 and Q = 1, multiple samples had 
Q-values between 0.2 and 0.8 (13 for West Alas, 13 for 
Langkat/North Aceh, and one for Batang Toru), indicating 
admixed ancestry.
A higher number of  K did not result in a better resolu-
tion of  sampling regions (Supplementary Figure S7). Since 
STRUCTURE often only identifies the uppermost level 
of  hierarchical genetic structure (Evanno et al. 2005), we 
repeated the analysis for each of  the three geographically 
defined clusters separately, using only samples that showed 
a membership coefficient of  higher than 0.6 for a certain 
cluster in the first STRUCTURE analysis. None of  the 
three clusters showed any sign of  further substructure, as 
K = 1 returned the highest Pr(Data|K) values for all three 
clusters.
To test if  part of  the partitioning of  the mitochondrial 
or autosomal genetic diversity can be explained by habitat 
type, we performed an AMOVA analysis with ARLEQUIN, 
where we divided the dataset into two groups correspond-
ing to habitat type (peat-swamp forest versus dry-land for-
est, see Table 1). We included only samples from the West 
Alas cluster, as this is the only autosomal cluster that con-
tains both habitat types. For autosomal microsatellites, habi-
tat differences explain only 0.22% of  the total variance, while 
over 97% is found within sampling regions (Table 3). For the 
mtDNA diversity, the variance component between habitat 
types is negative, indicating complete absence of  any parti-
tioning of  genetic variance between habitat types.
Migrant Identification
All individuals showed congruence between their provenance 
record and their assigned mtDNA cluster. We did, however, 
identify three females and two males with high Q-values 
(>0.6) for a cluster that did not match their mtDNA haplo-
types and provenance (K = 3, Figure 3). These individuals are 
unlikely to be direct migrants from the autosomal cluster they 
were assigned to in the STRUCTURE analysis. Rather, their 
natal range is indicated by their mtDNA haplotype, given 
that female orangutans have been shown to exhibit strong 
philopatric tendencies.
The BAYESASS analysis assigned migrant status to 
three of  the five individuals previously identified in the 
STRUCTURE analysis as admixed or assigned to a cluster 
that did not match their mtDNA haplotype. In total, we found 
five individuals which have a less than 50% probability of  
being local in the cluster defined by their mtDNA haplotypes 
(Table 4). Only in one case, however, could we identify 
an admixed individual with significant statistical support 
(P < 0.05 of  being local). This individual was a female with 
reliable provenance information, originating from the upper 
Alas valley in the Langkat region and carrying an mtDNA 
haplotype from the Langkat cluster. Her genotype, however, 
Figure 3. Results of  the STRUCTURE analysis of  the autosomal microsatellite markers for the most probable number of  
clusters (K = 3 according to delta K statistic). The membership coefficients Q shown are for the iteration with the highest 
likelihood. Samples are grouped by sampling region. The assignment is based on provenance record and mtDNA haplotype. UNK 
refers to samples with unknown provenance and ambiguous mtDNA assignment (belonging to the West Alas cluster).
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had a high membership coefficient to the West Alas cluster 
(Q = 0.955).
Discussion
Our study is the first to precisely locate and describe the geo-
graphic structuring of  genetic diversity on mitochondrial and 
autosomal levels across the whole range of  Sumatran oran-
gutans. We were able to quantify the genetic diversity present 
within each of  the seven sampling regions by analyzing the 
highly polymorphic HVRI region of  the mtDNA and used 
that information to infer long-term effective population sizes 
of  each sampling region. These estimates correlate strongly 
with recent census size estimates for most regions (Wich et al. 
2008). Not surprisingly, the highest effective population sizes 
were observed for peat-swamp forests on the west coast of  
northern Sumatra, which also have the highest population 
density estimates (Husson et al. 2009). In one region, how-
ever, Ne and census size were in stark contrast to each other: 
the area of  Tripa showed extraordinary high mitochondrial 
HVRI diversity and corresponding Ne in a comparatively 
small geographic region, which contains only an estimated 
380 individuals. This signal points to a massive recent decline 
in the subpopulation size, which might have been caused by 
the dramatic and on-going habitat degradation in this area 
(van Schaik et al. 2001; Gaveau et al. 2009). It is plausible 
to assume that the lowland area along the northwest coast 
of  Aceh was once completely covered with continuous peat-
swamp forest and harbored thousands of  orangutans (Gaveau 
et al. 2009). After decades of  deforestation, current estimates 
indicate that all forests in the Tripa region will be irrecov-
erably lost by 2015–16 if  forest destruction/conversion will 
continue at its current rate (Tata et al. 2010; Wich et al. 2011). 
There are other prominent examples in the literature high-
lighting discrepancies between large long-term Ne and small 
census sizes, which are linked to anthropogenic pressures. 
For example, heavy exploitation of  gray (Eschrichtius robustus) 
and humpback whale (Megaptera novaeangliae) stocks due to 
whaling has led to dramatic population declines not reflected 
by long-term Ne (Roman and Palumbi 2003; Alter et al. 2007).
In contrast to the varying HVRI diversity found within 
different regions across the island, we obtained very 
homogenous genetic diversity estimates among sampling 
regions for autosomal microsatellite markers, resulting 
in Ne estimates of  around 4000 or 10 000 individuals for 
each of  the seven regions, depending on the estimator 
of  θ. This striking discrepancy when compared with the 
HVRI estimates is most likely caused by pronounced male-
biased dispersal and strong female philopatric tendencies 
in orangutans (Galdikas 1995; Singleton and van Schaik 
2002; Morrogh-Bernard et al. 2011; Nietlisbach et al. 2012; 
van Noordwijk et al. 2012; Arora et al. 2012). Field studies 
have shown that female orangutans preferentially establish 
their home range overlapping with the home ranges of  their 
maternal kin (Singleton and van Schaik 2002; van Noordwijk 
et al. 2012). Thus, mitochondrial DNA does get hardly, if  at 
all, exchanged among neighboring geographic regions, and 
mtDNA diversity well reflects the number of  orangutans in 
Table 4 List of  individuals that show a probability of  less than 0.5 to originate from the sampling cluster
Sample number Sampling regiona Sex mtDNAb Q-valuec
BAYESASSd
Local Direct migrant Admixed
BA2 BA (LK+NA) Female WA 0.876 (WA) 0.088 (LK+NA) 0.359 (WA) 0.553 (WA)
LK3 LK (LK+NA) Female LK 0.702 (LK+NA) 0.494 (LK+NA) 0.010 (WA) 0.496 (WA)
LK27 LK (LK+NA) Female LK 0.955 (WA) 0.004 (LK+NA) 0.365 (WA) 0.632 (WA)
LK7 LK (LK+NA) Male LK 0.673 (LK+NA) 0.409 (LK+NA) 0.002 (WA) 0.589 (WA)
TR4 TR (WA) Male WA 0.884 (LK+NA) 0.443 (WA) 0.228 (LK+NA) 0.329 (LK+NA)
aThe autosomal genetic cluster to which most of  the samples from the listed sampling regions assign is written in parentheses: WA, West Alas cluster, 
LK+NA, Langkat/North Aceh cluster, BT, Batang Toru cluster.
bmtDNA cluster assignment.
cHighest Q-value in the STRUCTURE analysis with K = 3.
dPosterior probabilities of  the three classes in the BAYESASS analysis.
Table 3 AMOVA of  mitochondrial and autosomal microsatellite data between peat-swamp and dry-land forests within the West Alas 
cluster
mtDNA Autosomal microsatellites
Variancea % Variance Variancea % Variance
Between habitat types −0.74 −24.55 0.19 0.22
Among sampling regions, within habitat types 1.94* 64.71 1.87 2.17
Within sampling regions 1.80* 59.83 84.34* 97.61
*P < 0.05
anegative variance components indicate lack of  genetic structure.
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the different local subpopulations. Males, in contrast, leave 
their natal area, a pattern linked to inbreeding avoidance 
(Pusey and Wolf  1996). Intense male-male competition 
(Utami Atmoko et al. 2009) may force young males to cover 
large distances before being able to settle down (Nietlisbach 
et al. 2012). Such widely dispersing males might distribute 
newly arisen alleles in the whole meta-population and recover 
alleles that have been lost locally due to genetic drift, thereby 
homogenizing the allele frequencies of  autosomal markers 
among sampling regions. Thus, the highly similar levels of  
autosomal diversity in contrast to the large differences in 
mtDNA diversity across the island are a clear indicator of  
considerable male-mediated gene flow among these regions. 
The panmictic distribution of  Y-haplotypes on Sumatra 
(Nater et al. 2011) provides further evidence for this male-
driven homogenization of  the gene pool.
Due to the use of  multiple independent autosomal 
markers, we were able to investigate male-mediated gene 
flow in more detail. The cluster analysis with STRUCTURE 
showed that the strength of  male-driven gene flow is not 
sufficient to completely homogenize allele frequencies 
among sampling regions, thus resulting in a clear pattern 
of  geographically structured autosomal variation. The three 
clusters identified in the autosomal dataset were defined by 
geographical features. It appears that eruptions of  the Toba 
volcano (Chesner et al. 1991) isolated the orangutans from 
Batang Toru, the region south of  it, from the rest of  the 
species occurring north of  it. The high pairwise RST-values 
across Lake Toba provide further evidence of  strong sepa-
rating effects of  the Toba eruptions, which have also led to 
a deep divergence of  mtDNA haplotypes north and south 
of  the caldera (Nater et al. 2011). The forests between 
these two areas might have been connected between major 
eruptions, but the combination of  periodic separation and 
strong female philopatry has served to keep the populations 
from homogenizing. North of  Lake Toba, the Alas River, 
part of  the Barisan graben running the length of  Sumatra 
(Verstappen 1973), divides the remaining regions into two 
distinct genetic clusters. The Alas valley was likely repeat-
edly blocked by volcanic material from the nearby Toba 
eruptions, turning the upper Alas river into a large lake for 
prolonged periods (van Schaik and Mirmanto 1985). This 
damming of  the Alas River might have promoted the struc-
turing of  the gene pool north of  Lake Toba. Interestingly, 
the habitat type does not seem to play a significant role in 
the structuring of  autosomal diversity in Sumatran oran-
gutans, indicating that dispersing males do not prefer to 
migrate to areas that ecologically resemble their natal habi-
tat, and thus prevent more fine-tuned adaptation of  oran-
gutans to local habitat types.
Even though the STRUCTURE analysis revealed strong 
geographical structuring of  the autosomal gene pool, we 
nevertheless found clear signals for recent gene flow across 
the island. First, the two sample regions of  Langkat and 
North Aceh cannot be distinguished in the STRUCTURE 
analysis, even though these regions show a mitochondrial 
divergence of  0.85 Ma (Nater et al. 2011). Therefore, the 
observed low autosomal differentiation (RST = 0.02) points 
towards considerable levels of  male-mediated gene flow 
after the two subpopulations were separated from each 
other. If  this migratory contact with the Langkat region can 
be maintained, it will greatly help reducing inbreeding pres-
sure on the small North Aceh subpopulation. As a second 
signal of  gene flow, we found many admixed individuals in 
the STRUCTURE plot (Figure 3). Interestingly, these indi-
viduals were mostly sampled in regions close to the bound-
ary of  autosomal clusters, like Tripa, Central Leuser, and 
Langkat, supporting the idea of  recent gene flow. Third, we 
were able to identify multiple individuals with substantial 
likelihoods of  having paternal ancestry from another cluster. 
While only one individual shows good statistical support for 
being admixed (P < 0.05), it should be kept in mind that we 
sampled only an estimated 0.7–4.6% of  all individuals per 
sampling region. Moreover, we only investigated migration 
among major autosomal clusters and not individual sampling 
regions, due to the impossibility to reliably discriminate them 
genetically.
Further investigation of  the provenance of  admixed indi-
viduals hinted toward an important corridor for gene flow 
between genetic clusters. Three of  the five individuals iden-
tified as having admixed ancestry originate from the upper 
Alas valley near Blangkejeren, while a fourth admixed indi-
vidual has been confiscated in the highlands of  the Tripa area. 
These locations are all close to the area where the supposed 
boundaries of  the West Alas, North Aceh, and Langkat clus-
ters meet, and this highland area contains orangutan habitat 
with resident subpopulations. The presence of  clear migra-
tion signals in this area underlines its critical importance as a 
connection among major subpopulations of  Sumatran oran-
gutans and therefore deserves special habitat conservation 
efforts.
Special consideration also needs to be given to the region 
of  Batu Ardan, where there is a clear discrepancy between 
autosomal data and mtDNA structure, possibly due to male-
mediated migration. This region, located between the Alas 
River and Lake Toba, shows a strong affinity of  mtDNA hap-
lotypes to the West Alas cluster, even though it is located on 
the opposite (eastern) side of  the major Alas River. In fact, 
Batu Ardan shares a common haplotype with all regions on 
the western side, but also has two derived haplotypes that do 
not occur elsewhere. This supports the notion that the small 
Batu Ardan subpopulation could be the result of  a recent 
colonization event from the western side of  the Alas, prob-
ably due to a loop cut-off  of  the meandering river (Nater et al. 
2011). However, for autosomal markers, we found that Batu 
Ardan reveals a high affinity to the adjacent Langkat/North 
Aceh cluster, from which it is separated by a deep river valley. 
This river might be passable by orangutans near its headwaters, 
allowing males to bring in autosomal alleles from the Langkat 
region. The notion that the recolonization from the west side 
of  the Alas and subsequent influx of  males from Langkat 
occurred after the forests recovered from the devastating Toba 
super-eruption around 73 kya (Chesner et al. 1991) is tempting 
but cannot yet be proven with the data at hand.
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Sumatran orangutans are genetically deeply structured into 
at least three autosomally distinct clusters, despite regular male-
mediated gene flow between the West Alas and the Langkat/
North Aceh clusters, which occurred at least up to very 
recently and is probably still on-going. However, continuing 
habitat degradation is threatening the existence of  orangutans 
on Sumatra in two ways. First, due to the shrinkage of  suitable 
habitat area, the local subpopulation census sizes will be further 
reduced. Already today, only one of  the three autosomal 
clusters, West Alas, harbors well over 1000 individuals. 
Second, through the destruction of  important corridors for 
migration, genetic exchange with neighboring subpopulations 
will be disrupted. Both effects combined will inevitably lead 
to a substantial loss of  genetic diversity with all its negative 
consequences (Reed and Frankham 2003). Especially the only 
remaining subpopulation south of  Lake Toba, Batang Toru, is 
highly threatened in this regard. Given the genetic uniqueness 
of  the orangutans in this area on both the mitochondrial and 
autosomal level and the fact that most of  the forest in this area 
has no protected status (Wich et al. 2011), urgent measures 
are needed to preserve this indispensable reservoir of  genetic 
diversity of  Sumatran orangutans.
Orangutans are the least gregarious and the most arboreal 
of  all great apes (Delgado and Van Schaik 2000). As such, 
comparing the observed patterns in Sumatran orangutans 
with those of  other great ape species will aid the inference 
of  factors underlying the observed population structure in 
these taxa. Previous genetic studies on great apes showed 
that rivers are one of  the most important factors in shaping 
population structure and subspecies boundaries (e.g., goril-
las: Anthony et al. 2007; Bornean orangutans: Goossens et al. 
2005, Arora et al. 2010; chimpanzees: Becquet et al. 2007; 
bonobos: Eriksson et al. 2004). Our study supports these 
findings by identifying the Alas River as a major division line 
of  genetic diversity within the range of  Sumatran orangu-
tans. Moreover, volcanic activities of  the Toba region during 
the last 1.2 million years (Chesner et al. 1991) played another 
major role in the structuring of  genetic diversity in Sumatran 
orangutans. Such a pattern of  long-lasting isolation caused 
by volcanic activities has so far not been documented for 
great apes.
Given that Sumatran orangutans are critically endangered, 
knowledge of  the extent to which human-induced habitat 
degradation is affecting the population structure is of  criti-
cal importance for conservation efforts. Bergl and Vigilant 
(2007) revealed a pronounced substructure in the small Cross 
River gorilla population (Gorilla gorilla diehli) largely following 
the patterns of  forest connectivity. Likewise, Goossens et al. 
(2005) showed that in Bornean orangutans, subpopulations 
in many of  the isolated forest lots on the same side of  the 
Kinabatangan River in Sabah, Malaysia, are significantly dif-
ferentiated from each other, despite their close geographic 
proximity. Both studies highlight the adverse effects of  
anthropogenic forest degradation on the dispersal abilities 
of  forest dwelling primates. Interestingly, we did not observe 
similar signals in Sumatran orangutans, despite their strict 
arboreality and the heavy forest exploitation within their range 
(Rijksen and Meijaard 1999). The Sumatran subpopulations 
appear to be more effectively connected through male disper-
sal for two reasons. First, the uninhabited mountain regions 
connecting subpopulations are forested, and thus dispers-
ing males, who have been sighted at altitudes of  up to 2000 
m above sea level (Rijksen 1978), can move through them. 
Second, Sumatran forests provide suitable habitat to higher 
altitudes than Bornean ones due to the Massenerhebung effect 
(van Schaik et al. 1995), and this makes it easier for migrating 
males to cross rivers at their headwaters.
The example of  the Sumatran orangutan demonstrates 
that even species with a geographically very limited range 
can show strong underlying genetic structure, caused by geo-
graphical barriers, habitat discontinuities, limited dispersal, 
and long population persistence. Correspondingly, genetic 
diversity might be mainly found among local subpopulations 
rather than within, and local extinctions carry a serious risk 
of  losing a substantial part of  a species’ total genetic diversity. 
Our study highlights the need to assess the genetic make-up 
of  endangered species in detail, identify local subpopulation 
boundaries, and focus conservation efforts on maintaining 
dispersal corridors among genetic clusters.
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Abstract
Introgression can be an important evolutionary force but it can also lead to species extinction and as such is a crucial
issue for species conservation. However, introgression is difficult to detect, morphologically as well as genetically.
Hybridization with domestic cats (Felis silvestris catus) is a major concern for the conservation of European wildcats
(Felis s. silvestris). The available morphologic and genetic markers for the two Felis subspecies are not sufficient to
reliably detect hybrids beyond first generation. Here we present a single nucleotide polymorphism (SNP) based
approach that allows the identification of introgressed individuals. Using high-throughput sequencing of reduced
representation libraries we developed a diagnostic marker set containing 48 SNPs (FST > 0.8) which allows the iden-
tification of wildcats, domestic cats, their hybrids and backcrosses. This allows assessing introgression rate in natural
wildcat populations and is key for a better understanding of hybridization processes.
Keywords: conservation genetics, Felis silvestris, genetic marker, hybridization, introgression, reduced representation
library
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Introduction
Introgression is difficult to detect, yet it is an important
issue in evolutionary biology and conservation. Intro-
gression, the flow of genes between taxa through hybrid-
ization beyond the first generation of hybrids (F1), can be
an important evolutionary force (Grant et al. 2004; See-
hausen 2004; Grant & Grant 2009) and can also lead to
species extinction (Rhymer & Simberloff 1996). Introgres-
sion is especially a conservation concern when it is
anthropogenic (Allendorf et al. 2001). This is the case in
the crosses between European wildcats (Felis silvestris
silvestris) and domestic cats (Felis s. catus). To assess the
threat caused by hybridization, we need to quantify the
introgression rate in potentially threatened populations.
Therefore, it is crucial to overcome the difficulties in
detecting not only F1, but also introgressed individuals,
which are the decisive hybrids from a conservation
perspective (Allendorf et al. 2001).
Introgression is difficult to detect for several reasons.
First, morphological criteria are frequently not useful,
since hybrids beyond the F1 generation are morphologi-
cally often indistinguishable from the parental species
(Barbour et al. 2007; Kr€uger et al. 2009; Seiler et al. 2009;
Ostberg et al. 2011). In wildcats for example, even the
distinction between parentals of both hybridizing taxa
based on morphology alone has been questioned (Dan-
iels et al. 1998; Nussberger & Weber 2007). Second, the
genetic identification is challenging because introgressed
individuals share a large part of their genome with one
of the parental species. For instance, a first generation
backcross shares on average 75% of its genes with the
parental species in which it has backcrossed. Conse-
quently, many genetic markers are required to detect the
presence of genes from the other parental species, espe-
cially when markers are highly polymorphic and not
diagnostic, e.g. microsatellites (V€ah€a & Primmer 2006).
For backcross detection, single nucleotide polymorphism
(SNP) markers appear promising. SNPs are mostly biall-
elic (Lai 2001) and they cannot be more than tetrallelic
(A, C, G or T). Due to the low number of alleles and the
low degree of homoplasy, SNP markers are more likely
to be diagnostic than highly polymorphic markers.
Therefore, SNP markers are particularly useful for
detecting introgressed hybrids. For example, diagnostic
SNP markers have been used to detect introgression in
hybridizing fish taxa (Finger et al. 2009; Simmons et al.
2009; Hohenlohe et al. 2011; Amish et al. 2012).
Here we report a SNP-based approach that allows the
identification of introgressed individuals, and we illus-
trate it with data from European wildcats. European
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wildcats are known to hybridize and to have fertile off-
spring with domestic cats (Beaumont et al. 2001; Randi
et al. 2001; Pierpaoli et al. 2003; Lecis et al. 2006; Oliveira
et al. 2008b; Hertwig et al. 2009; O’Brien et al. 2009).
Hybridization with domestic cats is considered one of the
major threats to the wildcat in many European countries
(Driscoll & Nowell 2010). There is a need to better recog-
nize and understand the processes and extent of intro-
gression in order to develop appropriate conservation
measures. However, the microsatellite marker sets com-
monly used to distinguish between wildcats and domestic
cats have limited power to distinguish introgressed indi-
viduals, that is, hybrids beyond the F1 generation (Oliveira
et al. 2008a, b; Hertwig et al. 2009; Say et al. 2012). In
Hertwig et al. (2009), 3.5% of simulated F2 and 47% of
simulated backcrosses were misinterpreted as parentals.
In Oliveira et al. (2008b), 12% of simulated F2 and 20% of
simulated backcrosses were erroneously attributed to
parentals. Clearly, a set of more powerful markers is
needed to assess the level of introgression in natural
wildcat populations and the degree of threat to wildcats.
Here, we aimed to obtain a set of diagnostic SNP
markers for identifying wildcats, domestic cats, as well
as their hybrids and backcrosses, by identifying single
nucleotide polymorphisms in the genome where wild-
and domestic cats present markedly different allele fre-
quencies, using high-throughput sequencing of reduced
representation libraries and Sanger sequencing.
Materials and methods
Methodological strategy
In a first step we defined what we considered domestic
cats and wildcats (reference samples), using morphology
and genetic data of a total of 45 potential domestic cats
and 33 potential wildcats. Subsequently we sequenced a
small part of the genome (reduced representation library) of
six wildcats and three domestic cats. The comparison
between the sequences of wildcats and domestic cats
revealed SNPs between both subspecies. We then
selected 200 SNPs at which our wildcat and domestic cat
samples showed differently fixed alleles (SNP selection).
To validate their diagnostic value, these SNPs were
genotyped in an additional ten wildcats and 13 domestic
cats by Sanger sequencing (SNP validation). Finally, we
tested if our markers can assess the hybrid status of sim-
ulated individuals with known hybrid status (SNP power
assessment).
Reference samples
Domestic cat samples (blood, gonads, hairs) were pro-
vided by Swiss veterinary offices and private cat owners
(n = 35). We assumed that all these cats were domestic,
since they lived in close proximity with humans and
were tame. Moreover, most of the domestic cat samples
came from regions where wildcats are absent. Eleven of
these domestic cats were purebred. In addition to these
domestic cats, gamekeepers provided samples from ten
stray cats with domestic phenotype, from regions where
wildcats occur (Supporting Information Table S1).
Blood or tissue samples from potential wildcats of the
Swiss Jura region were provided by the Centre for Fish
and Wildlife Health in Berne, Switzerland, by gamekeep-
ers and by the Natural History Museums of Basel, Berne,
La Chaux-de-Fonds, Lausanne, Neuchatel and Olten
(n = 33, Table S1). We defined the reference wildcats
according to both genetic and morphologic criteria. We
followed the genetic identification method suggested by
Driscoll et al. (2011), with a modified set of markers. We
genotyped all potential wildcats at 24 autosomal micro-
satellites (Menotti-Raymond et al. 1999) and one Y linked
microsatellite (Luo et al. 2007). In addition, we sequenced
2698 bp (base pair) of the mitochondrial DNA genes ND5
and ND6 (Driscoll et al. 2007) and 376 bp of SRY and
366 bp of SMCY on the Y chromosome (Pecon-Slattery
et al. 2004; King et al. 2007). A complete list of markers
with their primer sequences is provided in Table S1. For
comparison, we further generated the same genetic data
for 30 domestic cats from various breeds. Population
substructure among all wildcats and these 30 domestic
cats was identified using STRUCTURE (Pritchard et al. 2000).
Mitochondrial DNA and Y-chromosomal haplotypes
sequence data were compared with published haplotype
sequences (Driscoll et al. 2007) in GENEIOUS PRO 4.8.5 Soft-
ware (Drummond et al. 2009) to ascertain wildcat speci-
ficity. We only considered samples as reference wildcats
if the animals carried wildcat mtDNA and Y haplotypes
and if the proportion of autosomal wildcat ancestry
(q value) was  0.95 according to STRUCTURE. Furthermore,
when pictures from the sampled wildcats were available,
we checked if the genetic results corresponded to the
classic morphologic criteria: permanent dorsal line stop-
ping at base of tail, blunt tail tip, distinct tail bands, four
stripes on nape, two stripes on shoulder, blurry broken
stripes on flanks, rhinarium with upper black margin
and gularis with white areola (Ragni & Possenti 1996;
Kitchener et al. 2005).
Reduced representation library RRL
To achieve high enough coverage for SNP detection with
a given amount of sequencing effort, we chose to
sequence only a small portion (2%) of the genome. To
this end we constructed reduced representation libraries
(RRL) by digesting genomic DNA and size selecting frag-
ments (Van Tassell et al. 2008). Genomic DNA was
© 2013 Blackwell Publishing Ltd
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extracted from six reference wildcat samples and three
domestic cat samples (Biosprint 96 DNA Blood kit;
Qiagen). The six wildcats used for implementing the
RRL were selected to have different geographical origins
throughout the Swiss Jura region, thus reducing the like-
lihood of having related individuals in the sample. To
construct RRLs, we digested 25 lg of genomic DNA with
250 Units of HaeIII (New England Biolabs). We sepa-
rated the digested genomic DNA on a Spreadex EL1200
Wide Mini S-294 gel (Elchrom Scientific) in a SEA 2000
electrophoresis chamber at 55 °C, 120 Volt, in 19TAE
running buffer (Elchrom Scientific), during 3 h. We
excised fragments between 587 bp and 622 bp. To extract
DNA fragments, we placed gel pieces in a dialysis mem-
brane (Carl Roth, 1785.1 Dialysierschlauch Visking, Cel-
lulose) filled with 19TAE buffer and closed it with
plastic clips (Carl Roth, H277.1 ZelluTrans/Roth Versch-
lussklammer). The membrane packages were placed in
an electrophoresis chamber (SEA 2000) at 55 °C, 120 Volt,
in 19TAE running buffer, during approximately 45 min.
We purified the eluate using the MinElute PCR Purifica-
tion Kit (Qiagen) according to the manufacturer’s proto-
col. We prepared the sequencing library and
individually barcoded our samples following the instruc-
tions of the SOLiDTM 4 System Library Preparation Guide
(Applied Biosystems, 2010). The sequencing library was
only amplified with eight PCR cycles to minimize over-
amplification. After DNA quantification with qPCR
(SOLiDTM 4 System Library Quantitation with the
SOLiDTM Library TaqMan Quantitation Kit; Applied
Biosystems), each sample was diluted to 500 pM. We
submitted pooled libraries to the Functional Genomics
Center Zurich (FGCZ) who performed paired-end
(50/35) sequencing on SOLiD 4 (Applied Biosystems).
SNP selection
Raw sequence reads from SOLiD 4 platform were
mapped to the cat genome assembly version Felcat4
(Pontius et al. 2007) using the default settings in BIOSCOPE
version 1.3.1 (Life Technologies). SNPs were called
using DIBAYES (Life Technologies) with high and med-
ium stringency settings. To be able to compare geno-
types of all individuals at a given SNP site, SAMTOOLS
version 0.1.12a (Li et al. 2009) was used in cases where
no call was made by DIBAYES to check whether the SNP
site was not sequenced or homozygous for the reference
allele.
From these SNPs, we selected potentially diagnostic
SNPs based on three criteria. First, SNPs had to be
sequenced to at least ten times coverage in all sam-
ples. Second, SNPs had to be fixed for a different
allele in wildcats and domestic cats, meaning that the
polymorphism at the SNP was only found between
and not within subspecies. Third, we only selected
markers which were on different chromosomes or at
least 10 kb from one another, since unlinked markers
are best for hybrid detection. We verified fixed SNPs
visually with the Integrative Genomics Viewer (Robin-
son et al. 2011).
SNP validation
As we only obtained genomic data of nine cats in our
initial SNP detection, we verified the allelic state of 200
potentially diagnostic SNPs in up to 23 additional cats
by PCR and Sanger sequencing, thereby generating a
total of 32 reference cat genotypes (16 wildcats and 16
domestic cats). For each locus, we therefore designed
PCR primer pairs (PRIMER 3, Rozen & Skaletsky 2000) to
obtain PCR products of 200–799 bp encompassing these
potentially diagnostic SNPs (Table S3). PCR conditions
were 30 cycles with annealing at 59 °C (57 °C for
SNP082). We sequenced these products using Big Dye
Terminate v3.1 chemistry on a 3730 DNA Analyzer
(Applied Biosystems). Subsequently we analysed
sequence data with Sequencing Analysis 5.1. (Applied
Biosystems) and edited them in GENEIOUS. The number of
individuals to be sequenced per locus was determined
by calculating the FST-values between wild- and domes-
tic cats with the individuals already analysed. When FST
was <0.7 after sequencing eight or 16 individuals, we
did not further analyse this locus. FST-values were calcu-
lated as the difference between the expected heterozy-
gosity in wild- and domestic cats taken together and the
mean of the expected heterozygosity in wild- and
domestic cats separately, divided by the expected het-
erozygosity in wild- and domestic cats taken together
(Conner & Hartl 2004).
SNP power assessment
We wanted to assess the power of the 48 SNP markers
with highest FST-values (>0.8) in determining the correct
hybrid status of simulated hybrids. To simulate hybrid
genotypes, we needed genotypes for parental wildcats
and domestic cats. To identify parental cats we first
genotyped these 48 SNP markers in 42 additional cats,
which had not been used to classify the markers based
on FST-values. Using new genotypes avoids the ‘high-
grading’ bias in assessing power of marker sets
described by Anderson (2010). The 42 additional indi-
viduals comprised 18 domestic cats, ten stray cats, seven
reference wildcats and seven potential wildcats with
unclear status due to a contradiction between mtDNA
or Y marker and autosomal microsatellites. We then
used the program NEWHYBRIDS VERSION 1.1 BETA (Anderson
& Thompson 2002) to assess the posterior probability of
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belonging to the following six categories for each of
these 42 samples: parental wildcats (W), parental
domestic cats (D), first generation hybrids (F1), second
generation hybrids (F2, i.e. F19F1), backcrosses into
wildcats (B9W, i.e. F1 9 W), backcrosses into domestic
cats (B9D, i.e. F1 9 D). We used the default parameters
of the program NEWHYBRIDS and did not include any
other individuals in this analysis than these 42 samples.
All samples which had  0.95 posterior probability of
belonging to the parental categories D or W were used
as parental samples to simulate F1, F2 and backcrossed
hybrids.
We created the genotypes of hybrids F1, F2 and
backcrosses (B9D and B9W) by sampling without
replacement from amongst the alleles in the parental
samples, using R 2.9.2 (RDevelopementCoreTeam
2009). Sampling the parental alleles without replace-
ment avoids the problem of simulating lots of hybrid
individuals that all carry a copy of the same allele in
the parental sample. However, it limits the number of
hybrids that can be generated. We simulated as many
hybrids and backcrosses as we had parental alleles to
distribute. For example, with nine parental wildcats,
we had 18 alleles to create 18 F1 (in combination with
nine domestic cats, resp. 18 domestic alleles) or 12
B9W (in combination with six domestic alleles needed
for six F1). We analysed the simulated hybrids in NE-
WHYBRIDS, each hybrid category separately. In each NE-
WHYBRIDS run, we included the genotypes of the defined
pure 16 wildcats and 16 domestic cats that were used
in the RRL and SNP validation steps as known paren-
tals, using the z and s option of NEWHYBRIDS. We
repeated the simulation and analysis steps 200 times
for each hybrid category. We defined individuals as
correctly assigned by NEWHYBRIDS when their true cate-
gory was the category with the highest scaled likeli-
hood. Scaled likelihoods are the posterior probabilities
to belong to a certain hybrid category, under a model
where a priori every one of the hybrid categories is
equally likely. We calculated the percentage of cor-
rectly assigned individuals (accuracy) and the mean
scaled likelihoods (posterior probabilities) of all simu-
lated individuals per category.
Furthermore, to explore the extent to which hybridiza-
tion beyond the second hybrid generation is detectable
with our method, we simulated using four additional cat-
egories of hybrids: crosses between a backcross into wild-
cat and a parental wildcat (B9W 9 W) and between
backcross into wildcat and F1 (B9W 9 F1) and the same
for domestic cats (B9D 9 D, B9D 9 F1). We analysed
simulated individuals of all ten categories separately
with NEWHYBRIDS, allowing for ten genotype frequency
classes (2 parentals, F1, F2, B9W, B9D, B9W 9 W,
B9W 9 F1, B9D 9 D, B9D 9 F1).
Results
Reference samples
We identified 24 reference wildcats based on microsatel-
lites, mtDNA and Y markers. We had pictures of 19 of
these cats. The phenotype of all these cats fulfilled the
usual wildcat criteria. Nine potential wildcats were pos-
sibly of admixed ancestry and thus were not considered
as reference wildcats: two potential wildcats (WK050,
WK054) showed evidence of possible introgression at the
autosomal microsatellites (q < 0.95 in STRUCTURE), and
seven potential wildcats were of wildcat ancestry at the
nuclear markers with q  0.95 but mtDNA or Y markers
were of the domestic cat type. All 43 domestic cats and
stray cats which were analysed with microsatellite mark-
ers, mtDNA and/or Y markers were confirmed as
domestic cats (Table S1).
RRL
The sequencing of the reduced representation libraries of
six wildcats and three domestic cats yielded 597 139 577
sequenced beads. About 48% of these beads (285 234 154),
representing a total of 11.5 gigabases, could be mapped
to the reference Cat Genome.
SNP selection
At 654 out of 876 690 called SNP positions, all RRL sam-
ples were sequenced at least ten times and were fixed for
alternate alleles in domestic and wild cats. However,
when these fixed SNPs were verified within the Integra-
tive Genomics Viewer, several of these SNP positions
contained additional alleles, although at low coverage
and mostly with a low Phred quality score (<20). As a
consequence we selected by eye the 200 SNPs displaying
the lowest number of reads with an alternate allele
(Table S3).
SNP validation
Table 1 shows the positions of 187 potentially diagnostic
SNPs on the domestic cat reference genome (FelCat4
December 2008, Pontius et al. 2007) and gives the corre-
sponding allele frequencies for wildcats and domestic
cats. Differences in allele frequencies are graphically
shown in Fig. 1. We excluded 13 markers (6.5%) because
of primer mismatch, indel-allele or multiple product
amplification (e.g. primer binding region in a repeated
element, Table S3). Overall, FST-values for the SNPs ran-
ged from zero to one. Fifty SNPs had an FST-value of >0.8
between wildcats and domestic cats, including seven
SNPs with FST = 1 (Table 1, FST).
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Table 1 List of 187 SNP markers to detect introgression in domestic cats (D) and wildcats (W). Chromo_Position indicates the position
of the SNP on the cat reference Genome, FelCat4 (Pontius et al. 2007, version Dec. 2008). FST is a measure of genetic differentiation
between D and W. p and q are the two alleles found at the SNP position. nD and nW indicate the number of D and W successfully geno-
typed at the SNP position. p in D and q in W represent the frequencies of the alleles in the two subspecies. Nr gives the rank of the SNP
after sorting by FST, SNP Nr is the identification number
Nr SNP Nr Chromo_position FST p q nD p in D q in D nW p in W q in W
1 33 C1_133254300 1 T G 16 1 0 16 0 1
2 101 B4_143164026 1 C T 16 1 0 16 0 1
3 129 B4_96741303 1 G A 16 1 0 16 0 1
4 138 C2_142773339 1 G A 16 1 0 16 0 1
5 149 A3_157140228 1 A C 16 1 0 16 0 1
6 158 B3_37642991 1 C T 16 1 0 16 0 1
7 187 D3_49022779 1 C G 16 1 0 16 0 1
8 12 A3_90799249 0.94 G T 16 0.97 0.03 16 0 1
9 102 C2_142858667 0.94 C T 16 0.97 0.03 16 0 1
10 105 D2_106505320 0.94 C T 16 0.97 0.03 16 0 1
11 107 E2_51498305 0.94 C A 16 0.97 0.03 16 0 1
12 115 A2_63544109 0.94 G A 16 1 0 16 0.03 0.97
13 141 E1_47366937 0.94 G A 16 1 0 16 0.03 0.97
14 155 B2_129152112 0.94 A C 16 1 0 16 0.03 0.97
15 178 C1_189621758 0.94 G A 16 0.97 0.03 16 0 1
16 194 E1_125241814 0.94 C T 16 0.97 0.03 16 0 1
17 196 E2_50523470 0.94 T A 16 1 0 16 0.03 0.97
18 198 E3_13634364 0.94 T C 16 1 0 16 0.03 0.97
19 18 B1_58403280 0.88 C A 16 0.94 0.06 16 0 1
20 32 C1_118678562 0.88 C G 16 0.94 0.06 16 0 1
21 62 D2_88876341 0.88 G T 16 0.94 0.06 16 0 1
22 93 B3_28741053 0.88 C T 16 0.94 0.06 16 0 1
23 109 F2_65362892 0.88 G A 16 0.94 0.06 16 0 1
24 133 C1_163375181 0.88 G A 16 1 0 16 0.06 0.94
25 139 D4_75458793 0.88 T C 16 0.94 0.06 16 0 1
26 148 A2_120724549 0.88 G A 16 0.94 0.06 16 0 1
27 162 B3_99865718 0.88 G A 16 0.94 0.06 16 0 1
28 192 D4_51926783 0.88 G A 16 0.94 0.06 16 0 1
29 193 D4_52053226 0.88 C T 16 0.94 0.06 16 0 1
30 184 D2_2202956 0.88 C T 16 0.97 0.03 16 0.03 0.97
31 195 E2_33320051 0.88 A G 16 0.97 0.03 16 0.03 0.97
32 14 B1_123418311 0.83 A G 16 0.91 0.09 16 0 1
33 28 B4_143439104 0.83 G A 16 0.91 0.09 16 0 1
34 41 D4_37998587 0.83 T C 16 0.91 0.09 16 0 1
35 48 A3_51056949 0.83 C T 16 0.91 0.09 16 0 1
36 57 D1_98155760 0.83 T C 16 0.91 0.09 16 0 1
37 58 D1_126067118 0.83 G A 16 0.91 0.09 16 0 1
38 60 D1_128802001 0.83 A T 16 0.91 0.09 16 0 1
39 65 D3_76217054 0.83 G T 16 0.91 0.09 16 0 1
40 88 F2_9296568 0.83 A G 16 0.91 0.09 16 0 1
41 146 A1_214220499 0.83 C T 16 0.91 0.09 16 0 1
42 176 C1_112821482 0.83 T C 16 0.91 0.09 16 0 1
43 189 D3_73181465 0.83 C T 16 0.91 0.09 16 0 1
44 190 D3_88773687 0.83 C G 16 0.91 0.09 16 0 1
45 20 B2_132559340 0.82 A G 16 0.94 0.06 16 0.03 0.97
46 26 B3_75494376 0.82 G C 16 0.94 0.06 16 0.03 0.97
47 30 B4_45476816 0.82 A G 16 0.94 0.06 16 0.03 0.97
48 159 B3_39998169 0.82 A C 16 0.94 0.06 16 0.03 0.97
49 166 B3_147841323 0.82 G A 16 0.94 0.06 16 0.03 0.97
50 50 C1_223335334 0.82 G T 15 0.90 0.10 15 0 1
51 98 E1_47901546 0.78 G A 16 0.88 0.13 15 0 1
52 1 A1_214461789 0.78 G C 16 0.88 0.13 16 0 1
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Table 1 (Continued)
Nr SNP Nr Chromo_position FST p q nD p in D q in D nW p in W q in W
53 64 D3_70959423 0.78 A G 16 0.88 0.13 16 0 1
54 126 B3_102961557 0.78 G C 16 0.88 0.13 16 0 1
55 67 E2_64389936 0.77 G T 16 0.91 0.09 16 0.03 0.97
56 152 B1_168327330 0.77 G A 16 0.91 0.09 16 0.03 0.97
57 127 B3_132539085 0.77 C T 16 0.94 0.06 16 0.06 0.94
58 106 D4_36844519 0.76 A C 15 0.87 0.13 16 0 1
59 21 B2_38455848 0.76 C T 15 0.90 0.10 16 0.03 0.97
60 66 E2_28834826 0.76 G A 10 1 0 14 0.14 0.86
61 177 C1_177165193 0.74 C G 14 0.86 0.14 16 0 1
62 7 A2_36537402 0.74 G T 14 0.89 0.11 14 0.04 0.96
63 38 D2_16797246 0.74 A G 14 0.89 0.11 14 0.04 0.96
64 114 A2_62528310 0.74 G A 14 0.89 0.11 14 0.04 0.96
65 90 A1_80251090 0.73 G A 14 0.89 0.11 13 0.04 0.96
66 136 C2_10551765 0.73 G A 13 0.85 0.15 13 0 1
67 27 B4_106165338 0.73 C T 16 0.84 0.16 16 0 1
68 143 F2_29878116 0.73 C T 16 0.84 0.16 16 0 1
69 96 D4_61706901 0.71 C T 15 0.83 0.17 16 0 1
70 153 B2_11210402 0.70 G A 14 0.82 0.18 14 0 1
71 36 D1_9247995 0.69 C G 14 0.82 0.18 15 0 1
72 151 B1_57974383 0.69 C T 9 0.83 0.17 13 0 1
73 17 B1_24516687 0.69 G A 6 0.83 0.17 9 0 1
74 95 B4_106085849 0.69 T G 6 0.83 0.17 9 0 1
75 89 F2_29604098 0.69 C T 16 0.81 0.19 15 0 1
76 173 B4_122774768 0.68 T C 16 0.81 0.19 16 0 1
77 6 A2_22115264 0.68 A C 9 0.83 0.17 14 0 1
78 84 D4_103411241 0.68 A G 14 0.86 0.14 14 0.04 0.96
79 10 A3_150434747 0.68 A G 6 0.83 0.17 10 0 1
80 19 B2_11748866 0.68 G A 6 0.83 0.17 10 0 1
81 37 D2_15700028 0.68 T C 6 0.83 0.17 10 0 1
82 45 F1_24323263 0.68 T C 6 0.83 0.17 10 0 1
83 56 D1_72733259 0.68 A C 6 0.83 0.17 10 0 1
84 69 F1_31149992 0.68 C T 6 0.83 0.17 10 0 1
85 72 F2_64410099 0.68 A G 6 0.83 0.17 10 0 1
86 76 B3_3763474 0.68 G A 6 0.83 0.17 10 0 1
87 80 C2_134622594 0.68 G A 6 0.83 0.17 10 0 1
88 83 D4_60140710 0.68 G A 6 0.83 0.17 10 0 1
89 100 A2_154972126 0.68 T C 6 0.83 0.17 10 0 1
90 113 A1_267376697 0.68 A G 6 0.83 0.17 10 0 1
91 160 B3_67119952 0.68 T C 6 0.83 0.17 10 0 1
92 163 B3_104962724 0.68 C G 6 0.83 0.17 10 0 1
93 167 B4_2696116 0.68 C T 6 0.83 0.17 10 0 1
94 175 C1_88089878 0.68 T C 6 0.83 0.17 10 0 1
95 199 F2_4630496 0.68 A G 6 0.83 0.17 10 0 1
96 200 F2_21635256 0.68 A G 6 0.83 0.17 10 0 1
97 63 D2_111465892 0.67 A G 13 0.81 0.19 14 0 1
98 181 D1_999750 0.67 C T 13 0.81 0.19 14 0 1
99 51 C2_64959967 0.66 G A 6 0.92 0.08 10 0.10 0.90
100 134 C1_188295633 0.66 G T 6 0.92 0.08 10 0.10 0.90
101 174 C1_6047515 0.66 T C 6 0.92 0.08 10 0.10 0.90
102 168 B4_2713634 0.65 G A 10 0.85 0.15 14 0.04 0.96
103 170 B4_44289069 0.65 T A 10 0.85 0.15 14 0.04 0.96
104 171 B4_44832398 0.65 C A 10 0.85 0.15 14 0.04 0.96
105 164 B3_130995527 0.65 A C 15 0.83 0.17 16 0.03 0.97
106 8 A2_6906598 0.65 C G 14 0.79 0.21 14 0 1
107 86 F1_85116491 0.64 T C 6 0.83 0.17 13 0 1
108 15 B1_191096484 0.64 T A 10 0.80 0.20 14 0 1
109 49 B4_147077847 0.64 C T 12 0.83 0.17 16 0.03 0.97
© 2013 Blackwell Publishing Ltd
452 B . NUSSBERGER ET AL .
Table 1 (Continued)
Nr SNP Nr Chromo_position FST p q nD p in D q in D nW p in W q in W
110 82 D3_124203045 0.64 G A 7 0.86 0.14 13 0.04 0.96
111 71 F2_45763245 0.63 G T 8 0.81 0.19 14 0 1
112 111 A1_222959361 0.63 G A 16 0.81 0.19 16 0.03 0.97
113 16 B1_20092839 0.62 A G 10 0.90 0.10 14 0.11 0.89
114 74 A1_239785943 0.62 C T 14 0.86 0.14 14 0.07 0.93
115 61 D1_129618021 0.61 C T 10 0.95 0.05 14 0.18 0.82
116 52 C2_74163720 0.59 A G 5 0.80 0.20 10 0 1
117 142 F1_20032493 0.59 G A 5 0.80 0.20 10 0 1
118 197 E2_66138174 0.59 T G 5 0.80 0.20 10 0 1
119 42 E1_72880071 0.59 G A 6 0.83 0.17 10 0.05 0.95
120 188 D3_60909701 0.59 G C 6 0.75 0.25 7 0 1
121 157 B3_6909289 0.58 C G 12 0.83 0.17 14 0.07 0.93
122 122 B2_84861747 0.58 A G 10 0.80 0.20 13 0.04 0.96
123 35 C2_45117916 0.57 C T 10 0.80 0.20 14 0.04 0.96
124 180 C2_137811507 0.57 G T 10 0.80 0.20 14 0.04 0.96
125 40 D3_32104510 0.57 T C 16 0.81 0.19 15 0.07 0.93
126 54 C2_140733169 0.56 G A 10 0.75 0.25 14 0 1
127 4 A1_9371605 0.54 A G 6 0.75 0.25 10 0 1
128 11 A3_169913387 0.54 T A 6 0.75 0.25 10 0 1
129 13 A3_93714149 0.54 T C 6 0.75 0.25 10 0 1
130 22 B2_67536455 0.54 G A 6 0.75 0.25 10 0 1
131 24 B3_57147258 0.54 A G 6 0.75 0.25 10 0 1
132 55 D1_68082963 0.54 T C 6 0.75 0.25 10 0 1
133 117 A3_28148083 0.54 C T 6 0.75 0.25 10 0 1
134 147 A2_42383186 0.54 G A 6 0.75 0.25 10 0 1
135 154 B2_71247052 0.54 T C 6 0.75 0.25 10 0 1
136 165 B3_135866504 0.54 G T 6 0.75 0.25 10 0 1
137 179 C2_68465481 0.54 G A 6 0.75 0.25 10 0 1
138 191 D4_10426918 0.54 T C 6 0.75 0.25 10 0 1
139 99 F1_26460636 0.53 C T 4 0.75 0.25 7 0 1
140 183 D1_109313008 0.52 C A 10 0.80 0.20 14 0.07 0.93
141 2 A1_269159716 0.51 G A 6 0.83 0.17 10 0.10 0.90
142 29 B4_15403984 0.51 G A 6 0.83 0.17 10 0.10 0.90
143 59 D1_128044982 0.51 C G 6 0.83 0.17 10 0.10 0.90
144 156 B2_134892585 0.50 C A 15 0.80 0.20 16 0.09 0.91
145 73 E3_33733408 0.50 G A 4 0.75 0.25 8 0 1
146 47 F2_7927040 0.45 G C 6 0.75 0.25 10 0.05 0.95
147 145 A1_151348480 0.44 C A 4 0.75 0.25 10 0 1
148 104 C2_158469278 0.44 C G 5 0.70 0.30 9 0 1
149 130 B4_111855682 0.41 A G 5 0.70 0.30 10 0 1
150 132 C1_82808777 0.41 A G 5 0.70 0.30 10 0 1
151 3 A1_274277184 0.41 A G 6 0.67 0.33 10 0 1
152 46 F2_3749961 0.41 C A 6 0.67 0.33 10 0 1
153 79 C1_30344863 0.41 A G 6 0.67 0.33 10 0 1
154 81 D1_11065896 0.41 A G 6 0.67 0.33 10 0 1
155 92 B1_202073444 0.41 A G 6 0.67 0.33 10 0 1
156 103 C2_151794647 0.41 C T 6 0.67 0.33 10 0 1
157 124 B3_77335049 0.41 A G 6 0.67 0.33 10 0 1
158 128 B3_148360238 0.41 C T 6 0.67 0.33 10 0 1
159 137 C2_11113978 0.41 G A 6 0.67 0.33 10 0 1
160 182 D1_88915301 0.41 T C 6 0.67 0.33 10 0 1
161 140 D4_104246955 0.38 C T 6 0.75 0.25 10 0.10 0.90
162 116 A2_200475325 0.36 C T 5 0.60 0.40 7 0 1
163 43 E2_23114722 0.34 A G 5 0.70 0.30 10 0.05 0.95
164 44 E3_12301230 0.34 A G 10 0.80 0.20 14 0.21 0.79
165 25 B3_73330050 0.33 T C 6 0.67 0.33 10 0.05 0.95
166 131 C1_34406063 0.33 A G 6 0.67 0.33 10 0.05 0.95
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SNP power assessment
Based on 48 nuclear SNP markers with FST-values >0.8,
NEWHYBRIDS assigned 41 of the 42 additionally genotyped
cats with >0.95 posterior probability to one of six possible
categories. All 18 domestic cats and ten stray cats were
classified as parental domestic cats. Three reference wild-
cats (WK026, WK041, WK045) and one wildcat with
domestic Y marker (WK024) were classified as backcross-
es into wildcat. Three reference wildcats (WK017,
WK035, WK049) and six wildcats with domestic mtDNA
marker (WK020, WK022, WK027, WK036, WK055,
WK077) were classified as parental wildcats. One refer-
ence wildcat (WK145) was classified as parental wildcat,
but with a posterior probability of only 0.77 and was
therefore excluded for hybrid simulation. Thus we had
28 parental domestic cats and nine parental wildcats to
simulate hybrid genotypes.
NEWHYBRIDS assigned 99.6% of simulated individuals to
the correct hybrid category with >0.50 posterior probabil-
ity when using the 48 SNPs with highest FST-values
(Table 2). 97.3% of the simulated individuals were
assignedwith >0.95 posterior probability to their true cate-
gory. Themeanposterior probabilities to belong to the true
categorywas>0.98 for all simulated categories (Table 3).
Using only 32 of the SNPs with highest FST-values
slightly lowered the mean posterior probabilities of
belonging to either hybrid category, but, overall, still
98.6% of all individuals were correctly categorized. With
24 markers, the accuracy was still 97.7% (data not
shown).
In the NEWHYBRIDS analysis of third generation hybrids,
still 86.5% of simulated individuals were correctly
assigned and the posterior probabilities for the ten simu-
lated categories were around 0.8 (Tables 2 and 3). Eight
percent of the parental domestic cats and 18% of the
parental wildcats were erroneously categorized as third
generation hybrids. However, in all hybrid categories,
less than 1% of all simulated hybrids were assigned to
the parental groups. Thus, while not all parental are cor-
rectly identified as such, hybrids are recognized correctly
with high probability, although not always assigned to
the correct hybrid category.
Discussion
First and second generation hybrids are reliably recog-
nized with our set of SNP markers. We were able to
identify the hybrid category of 97.3% of all simulated
individuals with a posterior probability of >0.95, using
48 markers with highest FST-values (FST > 0.8). Even
when including third generation hybrids, our marker set
still allowed the correct identification of 86.5% of the sim-
ulated individuals. Thus, our new approach to detect
SNP markers does work well in the case of the wildcats,
domestic cats and their hybrids. Our approach consisted
in sequencing a similar fraction of the genome of refer-
ence animals from both parental taxa, selecting SNPs
diagnostic in these reference animals and verifying these
SNPs in additional individuals. This marker develop-
ment protocol will also be useful to find diagnostic SNPs
in other hybridizing species.
Table 1 (Continued)
Nr SNP Nr Chromo_position FST p q nD p in D q in D nW p in W q in W
167 135 C1_207927310 0.33 G A 6 0.67 0.33 10 0.05 0.95
168 87 F2_2358597 0.33 G A 8 0.63 0.38 14 0 1
169 34 C1_50675581 0.33 C A 6 0.75 0.25 10 0.15 0.85
170 112 A1_247553760 0.33 C T 6 0.75 0.25 10 0.15 0.85
171 9 A3_143339672 0.31 G T 3 0.67 0.33 7 0 1
172 5 A2_176836753 0.29 T C 6 0.58 0.42 10 0 1
173 31 B4_80349376 0.29 A C 6 0.58 0.42 10 0 1
174 75 A2_130163447 0.29 C T 6 0.58 0.42 10 0 1
175 85 E3_12162520 0.29 T A 6 0.58 0.42 10 0 1
176 91 A3_100831036 0.29 G A 6 0.58 0.42 10 0 1
177 121 A3_126916218 0.29 C T 6 0.58 0.42 10 0 1
178 161 B3_71735716 0.29 C G 6 0.58 0.42 10 0 1
179 108 F2_18305725 0.23 A C 6 0.58 0.42 10 0.05 0.95
180 68 E2_64946728 0.18 A G 6 0.50 0.50 10 0 1
181 77 B3_140493835 0.18 G C 6 0.50 0.50 10 0 1
182 185 D2_9756017 0.11 C T 6 0.58 0.42 10 0.20 0.80
183 110 F2_68402465 0.08 A G 5 0.60 0.40 10 0.25 0.75
184 78 B4_52463921 0.08 A G 6 0.42 0.58 10 0 1
185 118 A3_31797110 0.08 A T 6 0.42 0.58 10 0 1
186 119 A3_73505900 0.05 T C 5 0.50 0.50 10 0.10 0.90
187 125 B3_78472523 0.05 T G 6 0.42 0.58 10 0.05 0.95
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Choosing the right reference samples to develop diag-
nostic markers is crucial, yet challenging. First, reference
samples should not contain any hybrids, as this will
reduce the chances of correctly identifying diagnostic
markers. Second, for the method to be broadly applica-
ble, reference samples should be representative of the
genetic diversity in the parental populations. Every wild-
cat found in Europe today is a potential hybrid, since
domestic cats are thought to have spread in the area of
the European Wildcat (Felis silvestris silvestris) since
Roman times (Faure & Kitchener 2009). Ideally, we there-
fore would have developed the markers using wildcat
samples from before Roman times, i.e. from more than
2500 years ago. But ancient DNA is of low quality and
quantity (Hofreiter et al. 2001) and reduced representa-
tion libraries require DNA of high quality and quantity.
Thus, we instead analysed modern samples with 24
autosomal markers, mtDNA sequences and Y markers.
Samples without any sign of hybridization in all these
markers were defined as reference wildcats. These refer-
ence wildcats formed a genetically distinct group relative
to domestic cats. We minimized the probability of having
introgressed individuals in our domestic cat reference
sample by using mainly domestic cats from regions far
from the habitat of wildcats in Switzerland (Jura region).
To ensure adequate representation of genetic diversity in
our reference samples we used domestic cats from differ-
ent breeds and regions and we included wildcats from
across their range in Switzerland. We cannot tell at pres-
ent whether these markers are also applicable to wildcats
beyond the Swiss borders. But we expect the differentia-
tion between wildcats and domestic cats to be much
higher than the differentiation between wildcat popula-
tions within Europe. Therefore, we hypothesize our
marker set is also applicable to samples from outside
Switzerland. Preliminary results of samples from France,
Italy, Germany, Hungary and Bulgaria, which we geno-
typed with a 96996 SNP genotyping chip (data not
shown), support this hypothesis. Still, we would encour-
age researchers to test the markers in a larger set of
known reference samples from other countries. Further,
our markers are tested only for the subspecies Felis s. sil-
vestris and catus. Their applicability to other Felis s. sub-
species remains to be investigated.
Our simulations for the SNP power assessment are sub-
ject to potential bias. As some introgression between wild-
cats and domestic cats is expected, only clearly
differentiated individuals were used as parental animals
for the simulations of hybrid categories. As a consequence,
the samples used for the simulations may be enriched with
individuals more differentiated than average. This can
lead to an overestimation of the SNP power for hybrid
identification, because the detection of a hybrid is easier
the more differentiated the two parental animals are. How-
ever, we expect this bias to be small here, given the strong
differentiation of the SNPs between both subspecies.
High-throughput sequencing allows detecting a high
number of markers at once and thus seems to be the
method of choice for future marker development
(Twyford & Ennos 2012). In addition, it is often sufficient
to sequence only a small part of the genome (Davey et al.
2011), as we did here with RRL. Recently, a similar
approach using RAD tags was described for SNP discov-
ery in trouts (Hohenlohe et al. 2011). A slightly different
approach of detecting diagnostic markers was chosen by
Karlsson et al. (2011), who found genetic differences
between farmed and wild Atlantic salmon based on a 7K
SNP-chip. All these high-throughput sequencing
approaches offer the advantage of generating markers
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Fig. 1 Allele frequencies for both alleles p and q in domestic
cats and wildcats at 187 SNP markers. Every horizontal bar rep-
resents one of the 187 SNP positions. The SNPs are ordered
along the vertical axis according to decreasing FST-values
between wildcats and domestic cats.
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Different genetic questions need different genetic
markers (Sunnucks 2000; Freeland 2005). Reliably recog-
nizing hybrids beyond F1 has proven difficult with
highly polymorphic microsatellite markers in several
species (Fur seal: Kingston & Gwilliam 2007; Wildcats:
Oliveira et al. 2008a; Hertwig et al. 2009; Say et al. 2012;
Florida bog frogs: Austin et al. 2011). In theory as few as
four to five fully diagnostic markers would be sufficient
to identify recent backcrosses (Boecklen & Howard
1997). In our data, 24 almost diagnostic SNP markers
were sufficient to correctly categorize 97.7% of all simu-
lated hybrids, using a threshold for posterior probability
of >0.5. However, with highly polymorphic, non diag-
nostic microsatellites, it takes about 48 markers to recog-
nize backcrossed individuals with a posterior probability
of >0.5 (V€ah€a & Primmer 2006). Most of the studies of
hybridization in wildcats used between nine and 27
microsatellite markers, with allelic richness between
seven and 43 (Beaumont et al. 2001; Randi et al. 2001;
Pierpaoli et al. 2003; Lecis et al. 2006; Oliveira et al. 2008b;
O’Brien et al. 2009). Markers with high allelic richness,
like microsatellites, are well suited to recognize genetic
population structure (Guichoux et al. 2011). However,
high allelic richness in combination with homoplasy
reduces the diagnostic power of markers for hybrid rec-
ognition, since there are more possibilities of allele shar-
ing between two hybridizing taxa. Therefore, highly
polymorphic markers developed for detecting genetic
population structure are not the best markers to identify
introgression. It is worth developing diagnostic markers
with the explicit intent to detect introgression. The draw-
back of the diagnostic markers is that they should not be
used for other genetic analyses such as genetic differenti-
ation measures or paternity tests. On the other hand, the
RRL approach we used for the diagnostic marker devel-
opment generates enough high-throughput sequencing
data to allow the development of other markers for other
purposes as well.
SNPs are powerful markers to detect introgression.
Their power resides in the highly differentiated allele
frequencies between hybridizing taxa. Although high
discriminatory power can also be reached with micro-
satellites (Burgarella et al. 2009), SNP markers present
several advantages over microsatellite markers. SNPs
are mostly biallelic. In our screening of 200 regions
around a potentially diagnostic SNP, we found over 360
SNPs. Only two of them were triallelic (in sequence of
SNP091 and SNP136) and none were tetrallelic. At biall-
elic SNPs, a diploid has only three options per locus:
homozygous for either of the alleles, or heterozygous.
This makes hybrid detection straightforward, at least in
fixed SNPs. Heterozygosity at all SNP positions indicate
a F1 hybrid and an individual having a proportion of
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backcross into that parental group. SNPs have also sev-
eral technical advantages over microsatellites. Results
obtained in different laboratories are compatible without
a need to calibrate them. SNP genotyping assays are
easier to multiplex than microsatellites, because they do
not rely on the detection of fragment length. Finally,
SNP genotyping assays can be designed to be very
short, e.g. using PCR products shorter than 100 bp,
because only a single base position has to be deter-
mined. This allows working with highly fragmented
DNA and low DNA quantities, as is found in faeces,
hair or ancient samples (Morin & McCarthy 2007).
In the near future, we aim to genotype non-invasively
collected hair samples from free ranging wildcats to
assess the introgression rate of domestic cats into differ-
ent European wildcat populations. Depending on levels
of introgression, management plans for species conserva-
tion can then be developed (Allendorf et al. 2001). Over-
all, our set of novel SNP markers allows the reliable
assessment of introgression levels in natural populations
and thus will help improve our understanding of the
process of hybridization and introgression.
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mtDNA sequences: Fasta file containing mtDNA
sequences of wild- and domestic cats.
MicrosatelliteData: Excel file containing microsatellite
fragment length data for all individuals.
MorphologyData: Excel file containing description of
diagnostic morphology criteria for all individuals.
RefSamplesSequences: Folder containing the raw
sequences (subfolder SNPsequences) and the annotated
consensus sequences (subfolder SNPconsensusSequences)
for each of the 200 diagnostic SNPs.
SNPgenotypingData: Excel file containing SNP geno-
typing results for all individuals.
SimulationFiles: Folder containing R script for hybrid
simulations (SimsNewHybrids.R), input files (Selection-
SimulOnlyRefs040912.txt, SelectionSimulOnlyTestInd040
912.txt) and file that holds the definitions of ten of the
genotype frequency classes possible after three generations
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of mating between two species (TwoGensGtypF-
req10.txt).
Y_data: Folder containing the raw sequences from SRY
sequencing (SNPseqSRY) and the SMCY microsatellite
fragment length data for male individuals (SMCYdata).
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version of this article:
Table S1 Individuals: description of individuals (origin, mor-
phology, Y, mtDNA, microsatellites).
Table S2 Markers: list of primers used to define reference sam-
ples.
Table S3 SNPprimers: list of primers used for SNP genotyping
by sequencing.
© 2013 Blackwell Publishing Ltd
460 B . NUSSBERGER ET AL .
TECHNICAL NOTE
A multiplex-system to target 16 male-specific and 15 autosomal
genetic markers for orang-utans (genus: Pongo)
Pirmin Nietlisbach • Alexander Nater •
Maja P. Greminger • Natasha Arora •
Michael Kru¨tzen
Received: 30 June 2010 / Accepted: 6 July 2010 / Published online: 25 July 2010
 Springer Science+Business Media B.V. 2010
Abstract Genetic studies of dispersal on local spatial and
short temporal scales require a large number of autosomal
microsatellites. However, the study of dispersal over large
spatial scales and the resolution of deep evolutionary his-
tories require marker systems that are preferentially
inherited through the male or female line. Addressing such
questions in endangered orang-utans (genus: Pongo) bears
significant relevance to species conservation, as habitat
destruction and fragmentation pose a significant threat to
the whole genus. Here, we report 16 male-specific markers
(nine human-derived microsatellites, six single nucleotide
and one insertion-deletion polymorphisms), and 15 novel
Pongo-derived autosomal microsatellite loci. All 31
markers can be amplified in four multiplex polymerase
chain reactions even in DNA derived from faecal material.
The markers can be applied to studying a wide range of
important questions in this genus, such as conservation
genetics, social structure, phylogeny and phylogeography.
Keywords Pongo spp. 
Single nucleotide polymorphisms  Microsatellites 
Y chromosome  SNP typing  Non-invasive samples
The endangered orang-utans occur on the islands of Borneo
(Pongo pygmaeus; about 50,000 animals) and Sumatra
(P. abelii; about 6,500 animals), where they have undergone
a recent dramatic decline in population size (Goossens et al.
2006; Wich et al. 2008). This has been mostly attributed to
habitat loss, leading to heavily fragmented populations of
often only a few hundred individuals (Wich et al. 2008).
Therefore, it is essential to maintain genetic diversity,
which has been linked to population fitness (e.g. Reed and
Frankham 2003). This can be achieved by maintaining
corridors between fragmented populations, allowing ani-
mals to follow natural dispersal patterns (Gilbert-Norton
et al. 2010).
Studying natural dispersal in wild orang-utans pose
significant challenges. Behavioural observations suggested
higher male than female dispersal (Delgado and van Schaik
2000), although this has not been fully confirmed by pre-
vious genetic studies (Utami et al. 2002; Goossens et al.
2005), where patterns of direct dispersal were investigated
using autosomal microsatellite markers. However, direct
inferences from autosomal markers are limited to the
timescale of a few generations and geographically small
areas, as sexual recombination will break down sex-specific
information (Goudet et al. 2002). Sex-biased dispersal over
larger time and spatial scales can be investigated by con-
trasting genetic information obtained from markers inher-
ited through either the male or female lineage (Handley and
Perrin 2007).
In orang-utans, maternally transmitted mitochondrial
DNA markers are widely available (e.g. Warren et al. 2001),
but markers on the male-specific region of the Y chromo-
some have not yet been applied. Here, we report 16 male-
specific markers for the application in the genus Pongo. Nine
of these markers are human-derived microsatellite loci, six
are single nucleotide polymorphisms (SNPs) and one is an
Electronic supplementary material The online version of this
article (doi:10.1007/s12686-010-9278-2) contains supplementary
material, which is available to authorized users.
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insertion-deletion polymorphism (indel). We also provide
15 novel orang-utan specific autosomal microsatellite
markers, which yielded more reliable amplification results
for use with highly degraded faecal samples than human-
derived markers (data not shown).
In a previous study (Erler et al. 2004), 45 male-specific
human-derived loci were shown to amplify in orang-
utans. Of those, we selected 25 loci re-sequenced them,
designed orang-utan specific primers, and tested for levels
of polymorphism in 14 Bornean and Sumatran orang-
utans (Table 1; see laboratory procedures below). After
aligning flanking regions of all 25 microsatellite loci, we
discovered two SNPs and one indel. Additionally, we
identified four more SNPs by sequencing Y chromosome
conserved anchored tagged sequence loci DBY13,
SMCY12, and SMCY14 (Hellborg and Ellegren 2003).
We combined 16 Y-specific polymorphic markers (Gen-
Bank Acc.No. HM803995-HM804006) into two multiplex
PCRs (Table 1). Actual repeat number was linked to
amplicon length through sequence data (Table S1 in the
Online Resources). For SNP typing, we applied a modi-
fied fragment length discrepant allele specific PCR (Li
et al. 2009). Each PCR combined a fluorescently labelled
forward primer with two interrogating reverse primers.
The reverse primers were complementary to one of each
SNP allele at their 30-end and differed in their length at
the 50-end; the resulting difference in product length
allowed for allelic discrimination by fragment length
analysis (Fig. 1a). One microsatellite locus had a SNP in
close proximity and another a SNP and an indel, which
allowed for simultaneous screening in one or two PCRs,
respectively (Fig. 1). Multiplex reactions for Y markers
consisted of 1 ll DNA template in an 8 ll volume, and
were carried out with the Qiagen PCR Multiplex Kit
according to manufacturer’s instructions and varying
primer concentrations (Table 1). In addition to the man-
ufacturer’s recommendations, we also included a touch-
down step in the PCRs, starting at 4C above the reported
annealing temperature in Table 1, then decreasing by
0.5C per cycle for eight cycles to reach the annealing
temperature for the last 40 cycles. We assessed the vari-
ability of the Y-markers on a population level in 21 and 14
orang-utans from one Bornean (subspecies P. pygmaeus
wurmbii) and one Sumatran site, respectively. In addition,
we report the number of Y-polymorphisms in an extensive
sample of 173 animals covering most of the range of the
genus Pongo (Table 1, Nietlisbach 2009). We tested scor-
ing reliability by repeating 32% of all genotyping reactions,
and found an average scoring error rate of 0.6% over all
loci. It has not escaped our notice that our results immedi-
ately suggest a possible diagnostic system for elucidating
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G AATGACGTCGGAGT TGGAGAG
T




reverse primer complementary to C







C C T TCC T TC T T T AAAT ACC T TGAGT
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Fig. 1 Schematic representation of genotyping techniques for com-
bined microsatellite/SNP typing. a Genotyping of SNP and micro-
satellite locus (DYS577). This locus was typed by a modified
fragment length discrepant allele specific PCR (see text, Li et al.
2009) which targets the SNP in the box and the repeat motif of the
microsatellite in one PCR. Discrimination between the two states of
the SNP was achieved through competition of two reverse primers
differing in length; and both reverse primers having a 1 to 2C lower
melting temperature and higher concentration than the fluorescently
labelled forward primer (Table 1) to increase competition. Calibration
was done with samples of known sequence. b Typing of three markers
in two PCRs (DYS630). A first PCR using the grey primers amplified
the region containing all three markers. A second PCR discriminates
between SNP states as described in Fig. 1a. Due to confounding
effects of the polymorphic microsatellite and indel, amplicon sizes of
the first and second reactions have to be compared. If the amplicon of
the first reaction is 5 bases longer than that of the second reaction, the
SNP allele at this locus is G; if the difference is 3 bases, the SNP state
is A. * PIG-tails were added to the 50-end of reverse primers to
enhance adenylation (Brownstein et al. 1996)
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(Nietlisbach 2009), if used in unison with readily available
mtDNA markers.
To clone autosomal microsatellite markers, we extracted
genomic DNA from 25 mg of frozen muscle tissue from a
Sumatran orang-utan, using the DNeasy Tissue Kit (Qia-
gen). We digested ten micrograms of the purified DNA
with NheI and AluI (New England Biolabs) and size-
selected for fragments between 400 and 1,200 base pairs
length. Enrichment, cloning and sequencing were carried
out as described in Nater et al. (2008), using only tetra-
nucleotide biotinylated probes [(GACA)7, (GATA)7, and
(GATC)7]. We sequenced plasmids from 68 positive
clones, of which 70% contained a microsatellite repeat. For
25 loci, which contained long uninterrupted repeats, we
designed primers and amplified these loci in twelve orang-
utans. Levels of polymorphism were qualitatively assessed
on high-resolution Spreadex gels (Elchrom Scientific).
Based on these results, we fluorescently labelled the for-
ward primers of the 15 most polymorphic markers and
combined these 15 loci (GenBank Acc.No. HM804007-
HM804021) into two multiplex PCRs (Table 1). Then, we
genotyped 29 orang-utans from Borneo and 23 from
Sumatra, using DNA extracts from faecal samples with
target DNA concentration ranging from 25 to 1,000 pg/ll,
strictly following guidelines from Morin et al. (2001).
PCRs using the Qiagen PCR Multiplex Kit contained 1 ll
template DNA in an 8 ll final volume, with varying primer
concentrations and annealing temperatures (Table 1).
PCRs included 45 cycles with conditions according to
manufacturer’s instructions.
If not indicated otherwise, we used standard laboratory
techniques at each step. We designed PCR primers with the
PrimerSelect software implemented in Lasergene v7
(DNASTAR). PCR amplifications were performed on
Veriti 96-well thermal cyclers (Applied Biosystems).
Sequencing reactions were carried out using the BigDye
Terminator v3.1 on a 3730 DNA Analyzer (both Applied
Biosystems) according to manufacturer’s instructions,
cleaned-up using a MgSO4 precipitation procedure, fol-
lowed by resuspending the pellet in 20 ll ddH2O. For
fragment length analysis, PCR products were diluted 20–80
times in ddH2O. One microlitre of this was added to 9.93 ll
HiDi formamide and 0.07 ll of GeneScan 500 LIZ Size
Standard (both Applied Biosystems) and denatured for
three minutes at 95C. We ran the samples on a 3730 DNA
Analyzer and obtained genotypes using GeneMapper
software v4.0 (Applied Biosystems). For the statistical
analyses, we used MStools v3.1 add-into Microsoft Excel
(Park 2001) and Genepop v4.0 (Rousset 2008).
Fragment length discrepant allele specific PCR used as
SNP typing technique proved to be a reliable and cost-
efficient strategy to assess SNP variation. The possibility to
combine this technique with conventional microsatellite
fragment length analysis makes it a suitable method to
include a small number of SNPs to complement an exten-
sive microsatellite analysis. The polymorphic male-specific
markers for orang-utans described here promise to be highly
useful for population genetic and phylogenetic studies
addressing questions about dispersal strategies, phylogeo-
graphic patterns, and comparisons with other molecular
markers. The autosomal markers can be applied to inves-
tigate local dispersal or assess relatedness and paternity.
Knowledge about such processes, in particular about natural
dispersal strategies, is important for species conservation.
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